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Statement  op  the  problem.^  The  relations  dealt  with  in  this 
study  are  the  cardio-vascular  relations  found  in  the  mammalian  or- 
ganism under  extreme  conditions  of  stress.  The  procedure  of  the  ex- 
periments, occlusion  of  the  head  arteries,  gives  a  complete  anemia  of  the 
brain,  and  thus  produces  a  profound  change  in  the  internal  environment 
of  the  animal.  To  this  the  mammal  tends  to  respond  by  a  series  of 
vigorous  reactions.  These  reactions,  moreover,  seem  to  go  in  a  direc- 
tion opposite  to  that  of  the  change  in  internal  conditions  of  a  par- 
ticular group  of  cells.  Thus,  with  an  asphyxial  accumulation  of  carbon 
dioxide  in  the  medimn  surrounding  the  critical  medullary  cells,  there 
is  released  an  entire  series  of  reactions  which,  could  they  all  be  carried 
to  completion,  would  reduce  the  tension  of  this  gas  in  the  body  fluids 
of  the  cerebral  region.  Prominent  among  these  reactions  is  a  great  and 
prolonged  rise  of  blood  pressure,  involving  the  extreme  resources  of  the 
organism,  tending  to  send  a  greater  volume  of  blood  to  the  anemic 
regions,  and  hence  to  decrease  the  concentration  of  the  carbon  dioxide 
in  the  nerve  cells  of  the  medulla  oblongata.  In  the  cat,  this  anemic 
rise  of  blood  pressure  can  be  well  controlled  anatomically,  and  is  suscep- 

1  A  preliminary  note  has  been  published  in  Proc.  Soc.  Exper.  Biol,  and  Med., 
1021,   xviii.   155. 
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tible  of  rather  exact  registration.  Moreover,  artificial  respiration  may 
be  maintained  throughout  the  reaction,  and  thus  the  activity  of  the 
peripheral  mechanisms,  the  heart,  blood  vessels  and  internal  secretions, 
be  kept  free  from  the  central  asphyxial  changes.  Furthermore,  under 
artificial  respiration,  the  reaction  may  be  obtained  repeatedly  in  the 
same  animal.  It  has  therefore  offered  an  opportunity  for  imalyzing 
the  factors  involved  in  such  an  emergency  reaction  to  inimical  condi- 
tions in  the  central  mechanism. 

Since  the  work  of  Ludwig,  Cyon  and  Bezold  in  the  sixties,  the  im- 
portance of  the  splanchnic  vasomotor  fibers  for  the  production  of 
extensive  changes  in  blood  pressure  has  been  recognized.  The  re- 
lated action  of  the  discharge  of  adrenalin  into  the  blood  stream  has 
recently  received  considerable  emphasis.  However,  the  degree  to 
which  either  the  splanchnio  constrictor  fibers  or  the  secretion  of  the 
adrenal  glands  is  involved  under  such  conditions  of  stress  as  evoke  the 
anemic  rise,  has  not  been  evaluated  with  sufficient  accuracy.  This 
study  has  therefore  been  concerned  particularly  with  the  efferent 
nervous  pathways  of  the  "anemic  rise"  of  pressure:  above  all,  with  the 
degree  to  which  it  involves  the  splanchnic  constrictor  fibers.  The 
extent  to  which  splanchnic  involvement  has  made  for  adrenal  activity 
has  then  been  investigated.  Finally,  the  influence  of  the  cardiac 
innervation,  insofar  as  this  may  directly  effect  changes  in  the  level  of 
blood  pressure  during  anemia,  has  also  been  examined. 

Through  the  restriction  of  the  effect  of  the  arterial  occlusion  to  the 
head  region  alone,  the  activation  of  the  vascular  response  by  the  medulla 
oblongata  is  under  close  experimental  control.  Accordingly,  the  cen- 
tral relations  of  the  various  nervous  levels  controlling  the  efferent 
channels  could  also  be  investigated.  Indeed,  the  analysis  of  the 
peripheral  factors  was  in  large  part  imdertaken  in  order  to  establish 
more  accurately  the  functional  organization  of  the  central  nervous 
mechanism  upon  which  the  vascular  response  depends,  that  is,  the 
extent  to  which  the  peripheral  agents  executing  the  vascular  responses 
of  the  intact  animal  are  activated  either  by  the  higher  nervous  levels, 
or  by  the  spinal  cord  alone. 

This  analysis  was  undertaken  in  connection  with  the  studies  on  the 
central  nervous  system  carried  out  under  Prof.  F.  H.  Pike,  which  have 
'dealt  particularly  with  the  bearing  of  its  organization  on  the  problem 
of  "spinal  shock."  In  connection  with  the  problems  here  opened  up 
it  was  necessary  to  ascertain  the  exact  nature  of  the  peripheral  and 
central  factors  controlling  the  typical  vascular  response  in  animals  in 
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which  either  no  lesions  within  the  central  system  were  Undertaken,  or 
when  these  were  inflicted,  no  interval  for  recovery  after  the  operation 
was  allowed.  In  comparison  with  such  data,  a  study  of  the  vascular 
responses  after  recovery  from  transection  of  the  spinal  cord  could  be 
undertaken  more  intelligently,  and  the  actual  changes  wrought  by  the 
so-called  shock  effect  evaluated  with  greater  precision. 

History  of  the  method.  Initiated  by  the  very  early  work  on 
abdominal  ligation  of  Stenson  (1)  and  Swammerdam  (2),  Magendie 
and  Poiseuille  (3)  and  Sir  Astley  Cooper  (4)  in  the  early  nineteenth 
century  worked  out  the  procedure  of  cerebral  ligation,  particularly 
the  isolation  of  the  four  chief  arterial  channels  to  the  head,  and  noted 
the  circulatory  changes  which  followed.  Batelli  (5)  and  Hill  (6)  have 
given  the  earlier  history  of  the  procedure  in  some  detail. 

The  experiments  of  the  eighteen  fifties  and  sixties  led  to  the  recogni- 
tion of  the  nervous  organs  as  the  chief  agents  in  activating  the  changes 
following  arterial  ligation:  thus  the  work  of  Kussmaul  and  Tenner 
(7),  Brown  Sequard  (8),  (9)  and  Vulpian  (10)  on  the  head  area  and  of 
SchifFer  (11)  on  the  spinal  cord.  The  emphasis  of  the  importance  of 
the  medulla  for  the  maintenance  of  life  as  given  by  the  work  of  Le 
Gallois  and  its  extension  by  Flourens  (12)  was  still  more  increased  by 
the  localization  in  the  same  region  of  the  vasoconstrictor  center  as  soon 
accomplished  by  Ludwig  (13),  Owsjannikow  and  Dittmar,  and  soon 
led  up  to  the  most  complete  studies  on  occlusion  of  the  head  arteries 
carried  out  by  Sigmund  Mayer  (14),  (15).  Mayer  not  only  described 
the  series  of  changes  following  anemia  with  great  detail  and  accuracy, 
but  also  recognized  that  the  elicitation  of  the  anemic  rise  was  dependent 
on  conditions  of  functional  conductivity  within  the  brain  stem.  He 
also  saw  that  occlusion  of  the  head  arteries  was  comparable  to  decapi- 
tation with  the  knife,  and  that  the  various  functions  retained  following 
cerebral  ligation  were  all  to  be  attributed  to  the  activity  of  the  spinal 
cord,  notably  the  residual  spinal  level  of  blood  pressure  of  50  to  60  mm. 

Couty  (16)  produced  circulatory  obstruction  in  the  head  region  by  the 
injection  of  lycopodium  spores.  This  work,  contemporaneous  with 
that  of  Mayer  and  equally  detailed,  but  carried  out  under  the  influence 
of  the  earlier  work  of  Goltz  (17),  (18)  and  Vulpian,  stressed  the  residual 
spinal  functions,  maintained  following  isolation  of  the  medulla.  Sub- 
sequent work  on  cerebral  anemia  was  almost  exclusively  done  from 
this  point  of  view.  Thus  the  papers  of  Schlesinger  (20),  Kowalewsky 
and  Adamiik  (21),  Bochefontaine  and  Vulpian  (22),  Mayer  (23), 
attempted  to  combat  this  viewpoint  by  an  analysis  of  the  differential 
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effect  of  compression  of  the  abdominal  aorta.  Konow  and  Stenbeck 
(24)  and  Landergren  (25)  more  recently  stressed  the  functional  sur- 
vival of  the  cord  in  the  decapitated  animal  preparation.  The  residual 
spinal  blood  pressure  was  analyzed  by  Pike  (26)  (1912)  who  showed 
that  afferent  impulses,  presumably  from  skeletal  muscles,  were  re- 
sponsible for  it.  His  observation  that  a  further  fall  occurs  on  paralysis 
of  skeletal  muscles  by  curare  has  recently  been  confirmed  by  Langley, 
1919  (27). 

A  revival  of  interest  in  the  central  relations  of  the  asphyxial  picture, 
particularly  to  the  higher  nervous  levels,  was  in  part  achieved  through 
the  reexamination  of  the  problems  of  resuscitation  of  the  organism  by 
Stewart,  (28),  (29),  (30),  (31),  (32),  (33)  Pike  and  Guthrie.  These 
observations  threw  sharply  into  relief  the  dependence  of  resuscitation 
on  the  medullary  respiratory  and  vasoconstrictor  mechanisms  rather 
than  on  other  organs,  which,  whatever  their  importance,  were  found 
neither  as  sensitive  nor  as  susceptible  as  the  medullary  and  higher 
cells.  The  fimctional  activity  of  the  medulla  was  abolished  15  minutes 
or  more,  and  in  its  abeyance,  no  independent  existence  of  the  animal 
could  be  reestablished.  An  analysis  of  the  conditions  of  so-called 
spinal  shock  was  undertaken  by  Pike  (34),  (35),  (26),  who  employed 
the  procediu-e  of  cerebral  anemia,  and  the  vascular  response  obtainable 
from  it,  as  a  means  of  comparing  the  various  functional  levels  of  the 
central  nervous  system.  In  this  way  the  central  relations,  particularly 
to  the  bulbar  levels,  of  the  vascular  response  in  anemia  were  clearly 
indicated.  A  further  extension  of  this  problem  is  found  in  the  study 
of  Yates  (36),  in  which  the  response  to  anemia  was  used  as  a  criterion 
of  the  degree  of  recovery  of  the  vascular  system  following  spinal  tran- 
section. These  studies  bring  out  the  importance  of  the  maintenance 
of  medullary  activity  as  the  essential  factor  in  the  avoidance  of  a 
shock  effect  and  the  relative  incompetence  of  the  spinal  cord  in  the 
initiation  of  significant  adaptive  responses. 

Consideration  of  the  excitatory  and  depressing  effects  of  the  blood 
gases  has  led  toward  a  recognition  of  their  importance  in  influencing 
the  behavior  of  the  medullary  cells.  The  literature  of  the  subject  is 
reviewed  by  Bethe  (37),  Hill  and  Flack  (38),  Hasselbach  (39).  Pike, 
Coombs  and  Hastings  (40),  (41)  have  pointed  out  the  adaptive  nature 
of  the  nervous  changes  induced  by  a  rapid  lowering  of  CO2  tension  in 
dyspneic  blood,  and  have  suggested  that  in  thus  acting  in  a  direction 
opposite  to  environmental  change,  the  organism  meets  the  conditions 
by  adjustment  of  physical  equilibrium  as  prescribed  by  le  Chatelier^s 
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theorem.  Mathison  (42),  (43)  has  shown  the  very  much  greater  sensi- 
tivity of  the  medullary  over  the  spinal  cells  in  their  response  to  the 
asphyxial  agents  such  as  increased  CO2  or  lactic  acid,  or  decreased 
oxygen.  Pike  and  Scott  (44)  have  discussed  the  regulation  of  H-ion 
concentration  in  connection  with  the  regulation  of  mammalian  internal 
environment. 

Method.  In  the  present  study  advantage  was  taken  of  the  rever- 
sibility of  the  procedure  of  cerebral  anemia.  The  ability  to  repeat  the 
initial  stimulating  effect  of  the  insult  on  the  medullary  cells  was  ex- 
ploited, rather  than  its  abolition  of  conductivity  within  them.  The 
specific  problems  attacked  were  dealt  with  in  terms  of  the  intensity  and 
duration  of  the  anemic  rise,  under  given  central  and  peripheral  lesions. 
A  seemingly  significant  series  of  observations  on  the  changes  at  the 
periphery  could  be  obtained  by  means  of  the  pronounced  differences 
in  the  character  of  the  curves  recorded. 

Mayer  (14)  had  called  attention  to  the  fact  that  the  magnitude  of 
the  vasomotor  effect  under  asphyxia  could  be  approached  only  by  the 
effect  of  compression  of  the  thoracic  aorta,  or  injection  of  strychnine. 
From  Mathison's  work  (42),  (43),  especially  from  his  conception  that 
all  forms  of  asphyxia  are  due  to  definite  increase  of  the  acid  content 
of  the  blood,  cerebral  anemia  can  probably  be  assumed  always  to  be 
acting  at  a  maximum.  The  procedure  followed  was  essentially  that 
indicated  by  Stewart  (28).  As  here  used,  the  emphasis  lay  especially 
on  the  restriction  of  the  occlusion  time  to  as  narrow  a  limit  as  possible, 
in  order  to  insure  more  rapid  recovery.  Accordingly,  the  shortest 
possible  occlusion  period  was  uniformly  employed  and  as  a  routine 
procedure  the  head  arteries  were  released  as  soon  as  the  spontaneous 
fall  of  pressure  at  the  end  of  the  response  set  in. 

The  experiments  were  all  carried  out  on  cats.  Ether  was  the  anes- 
thetic uniformly  employed,  and  administered  by  tracheal  cannula. 
The  purpose  of  the  study  was  essentially  to  determine  the  degree  of 
involvement  of  the  chief  factors  concerned,  rather  than  their  minute 
evaluation.  This  has  been  left  for  subsequent  study.  The  extensive 
series  of  Stewart  served  as  a  basis  of  comparison  and  control. 

The  head  arteries  were  all  secured  outside  the  thoracic  wall,  the 
branches  of  the  left  subclavian,  separately  secured  in  the  axilla,  the 
right  carotid,  and  right  subclavian  from  within  the  carotid  sheath  in 
the  neck;  the  left  carotid  held  the  blood  pressure  cannula.  All  the 
arteries  were  kept  under  ligatures  ready  to  be  occluded  by  clamps  at 
the  convenience  of  the  experimenter.    Since  there  was  no  interference 
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with  extra-pulmonic  pressure  through  the  operative  procedure,  artificial 
respiration  could  be  dispensed  with  as  long  as  the  medullary  cells 
remained  functional. 

Prior  to  occlusion,  ether  was  reduced  imtil  various  obvious  tests 
of  the  activity  of  the  brain  stem  could  be  secured,  the  return  of  a  vigorous 
corneal  reflex  always  being  awaited  before  the  circulatory  arrest  was 
made.  With  the  elicitation  of  the  corneal  reflex,  artificial  respiration 
was  begim,  and  the  clamps  on  the  arteries  immediately  adjusted.  Care 
is  needed  to  include  all  the  arterial  branches  isolated  in  the  clamps. 

With  the  adjustment  of  the  clamps,  the  entire  series  of  peripheral 
effects  follows;  the  eye  reflexes  are  immediately  lost,  and  within  about 
20  seconds  the  more  marked  peripheral  effects  are  released.  Deep  and 
labored  breathing  sets  in,  skeletal  convulsions  appear,  and  a  sharp  rise 
of  blood  pressure  is  recorded  which  of  ten  reaches  200  mm.  Hg.  or  more 
(fig.  5a).  This  frequently  outlasts  the  other  functions;  the  pressure 
may  not  begin  to  fall  until  some  10  to  80  seconds  after  respiratory 
failure. 

The  time  from  the  shutting  off  of  the  arteries  to  the  circulatory 
failure  is  then  taken  as  the  complete  occlusion  time.  On  the  average, 
this  occupied  3  minutes. 

Immediately  following  reestabUshment  of  the  circulation  there  is  a 
profound  depression  of  all  functions.  Blood  pressure  continues  falling 
markedly  when  the  arteries  are  released,  and  finally  reaches  a  level  of 
about  50  nmi.  No  other  medullary  responses  are  elicitable  at  this  time. 
Artificial  respiration  is,  of  course,  maintained  throughout  the  period  of 
depression,  and  until  such  time  as  the  bulbar  functions  again  become 
evident. 

If  no  further  lesions  are  inflicted,  occlusions  of  3  to  4  minutes  are 
usually  followed  by  a  beginning  of  recovery  within  5  to  7  minutes  after 
release  of  the  arteries.  Blood  pressure  usually  starts  rising  first,  and 
after  a  rise  of  10  to  15  mm.  spontaneous  respiratory  gasps  reappear. 
Pressure  continues  to  rise,  respiratory  movements  become  more  and 
more  frequent;  soon  normal  pressure  is  regained  and  the  animal  breathes 
quietly  and  regularly.  Ten  to  15  minutes  after  release  of  the  arteries, 
pressure  is  usually  normal,  vibrissae  are  erect,  and  the  corneal  reflex 
is  again  elicitable.  At  this  point,  a  renewed  occlusion  of  the  head 
arteries  may  be  done  and  the  entire  cycle  repeated. 

The  modification  of  anatomical  conditions  was  usually  carried  out 
in  the  interval  of  depression  following  a  control  occlusion.  In  this 
way  further  etherization  was  avoided.    Except  under  certain  specified 
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conditions,  the  various  lesions  did  not  materially  change  or  delay  the 
picture  of  the  recovery  outlined. 

The  experimental  results.  1.  The  rdle  of  (he  splanchnic  constric- 
tor fibers  in  tiie  rise  of  pressure  during  cer^ral  anemia:  Following  the 
work  of  Claude  Bernard  in  1848  who  showed  that  the  section  of  the 
cervical  cord  caused  a  considerable  faU  of  blood  pressure,  Bezold,  Ludwig 
and  Cyons  (46),  (47),  (48),  (49),  (50)  measured  the  magnitude  of  these 
changes  and  showed  their  dependence  on  the  integrity  of  the  splanchnic 
system.  There  was  thus  demonstrated  the  relation  of  the  blood  pressure 
changes  to  the  level  which  is  maintained  after  the  continuity  of  the  cord 
with  the  brain  has  been  interrupted. 

Mall  (51)  showed  that  frequently  27  per  cent  of  the  blood  in  dogs  was 
transferred  by  the  splanchnic  system,  thus  explaining  the  great  increase 
of  volume  in  the  extremities  during  rises  of  systemic  pressure  (52). 
Edwards  (53)  calculated  that  85  cc.  of  blood  in  dogs  were  trans- 
located under  splanchnic  stimulation.  In  spite  of  its  probable  involve- 
ment in  the  powerful  vasomotor  response  of  the  anemic  rise,  very  little 
direct  evidence  for  its  participation  has  been  obtained.  Hill's  (46) 
reference  to  the  splanchnic  nerves  in  cerebral  anemia  is,  so  far  as  can 
be  ascertained,  largely  by  way  of  implication.  For  asphyxia  itself 
both  V.  Anrep  (54)  and  Cathcart  and  Clark  (55)  have  argued  for  con- 
siderable splanchnic  participation  from  the  dependence  on  the  central 
nervous  system  of  the  adrenalin  release  obtained.  Finally,  some  in- 
direct evidence  for  splanchnic  nerve  involvement  has  been  obtained  by 
section  of  the  spinal  cord  in  cerebral  occlusion.  Nawalichin  (56) 
found  that  the  vasomotor  changes  following  obstruction  of  the  cere- 
bral circulation  were  practically  obliterated  when  the  cord  had  been 
sectioned  in  the  cervical  region.  The  same  observation  was  made  by 
Stewart  (28). 

In  order  to  obtain  any  exact,  or  possibly  even  quantitative,  evalua- 
tion of  the  actual  involvement  of  the  splanchnic  system,  other  factors 
concerned  in  the  maintenance  and  change  of  blood  pressure  must  be 
isolated.  Three  factors  in  the  nervous  regulation  must  above  all  be 
properly  controlled.  These  are  (a),  the  indirect  effect  of  the  activity 
of  the  skeletal  muscles;  (b),  the  influence  of  the  cardiac  innervation;  and 
(c),  the  non-splanchnic  constrictor  (or  possibly  dilator)  fibers  in  the 
vasomotor  system. 

a.  The  influence  of  the  skeletal  muscles  in  the  anemic  rise.  The 
older  authors,  Mayer  and  Couty,  used  curarized  animals,  rabbits  and 
dogs,  for  their  experiments  on  cerebral  occlusions,  and  reported  anemic 
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rises  as  great  in  magnitude  and  duration  as  those  recorded  by  Stewart 
(28)  or  those  herein  obtamed.  The  relative  volume  of  blood  held  in 
these  animals  within  the  splanchnic  system,  as  compared  with  that 
controlled  by  the  somatic  innervation  is,  however,  somewhat  diflferent 
from  that  in  cats.  Little  experimental  attention  was  here  given  to 
this  problem.  In  one  animal,  however,  curare  was  injected  and  a  vigor- 
ous anemic  response  was  obtained.  The  occlusion  time  was  normal  (3 
minutes);  the  anemic  increment,  however,  was  below  the  average,  being 
only  80  mm.  In  another  cat,  both  sciatics  and  the  brachial  plexuses 
on  both  sides  were  divided.  Pressure  did  not  fall  after  the  lesions. 
Both  stellate  ganglia  were  then  removed.  The  animal  gave  an'  anemic 
increment  of  100  nmi.  Hg. 

It  seems  accordingly  that  the  muscular  factor  is  of  no  primary  signifi- 
cance in  either  the  initiation  or  the  maintenance  of  the  anemic  rise. 
The  fact  that  no  great  depression  of  the  level  of  blood  pressure  results 
in  spite  of  extensive  elimination  of  muscular  innervation  is  interesting 
in  comparison  with  subsequent  results,  and  effectively  contrasts  the 
influence  of  skeletal  innervation  and  visceral  innervation  on  blood  pres- 
sure. 

6.  The  infliience  of  the  cardiac  innervation  on  the  anemic  rise  The 
influence  of  the  cardiac  nerves  on  the  anemic  rise  may  be  exerted  in 
either  of  two  ways.  The  change  in  rate  and  amphtude  of  the  heart 
beat  may  affect  the  output  per  minute  as  emphasized  by  Tigerstedt,  (57) 
or  afferent  impulses  aroused  within  the  heart  may  affect  reflexly  the 
efferent  cardio-vascular  innervation  as  discussed  by  Hill  (59).  It  is 
conceivable  that  in  either  of  these  ways,  or  both,  the  heart  may  influence 
significantly  the  level  of  blood  pressure. 

Frank  (57),  mathematically,  and  Erlanger  (58)  by  sphygmomano- 
metric  measurements,  have  attempted  to  show  that  the  output  of  the 
heart  remained  a  constant,  or  in  other  words  that  pulse  pressure  times 
pulse  rate  remains  a  constant.  Wickwire  (60)  has  shown  that  the 
usual  compensatory  changes  in  heart  rate  to  a  change  in  the  systemic 
blood  pressure  may  be  absent  in  deep  anesthesia  or  in  cases  of  restric- 
tion of  the  volume  of  blood  flow  to  the  brain.  Under  normal  circum- 
stances, Erlanger's  statement  probably  holds  true,  but  may  not 
necessarily  apply  under  critical  conditions. 

1.  Effect  of  the  vagus.  Mosso  (61),  Gouty  and  Stewart  found  that 
following  the  first  short  rise  in  blood  pressure  (which  in  the  intact  ani- 
mal is  never  very  great)  there  is  a  considerable  slowing  of  the  pulse. 
As  long  as  this  slowing  of  the  pulse  persists,  pressure  ceases  to  rise,  and 
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is  indeed  often  lowered.  After  about  half  a  minute  of  this  effect,  the 
heart  seems  to  break  away  from  this  retardation,  and  the  beat  is,  if 
anything,  accelerated  and  pressure  inmiediately  rises  to  the  maximum 
level  which  is  maintained  until  its  final  fall.  The  slowing  of  the  heart 
rate  and  the  depression  of  blood  pressure  gives  the  anemic  rise  its 
tjrpical  double  crest.  Both  Couty  (16)  and  Stewart  (26)  saw  this 
double  crest  disappear  on  section  of  the  vagi,  leaving  a  smooth  curve, 
which  attains  its  maximum  height  somewhat  more  rapidly,  but  is  not 
otherwise  greatly  altered  in  time  or  intensity. 

Bilateral  vagotomy  has  been  done  only  incidentally  to  other  lesions. 
The  results  confirm  the  earlier  findings. 

2.  Excision  of  the  stellate  ganglia.  Section  of  the  accelerators  as  the 
only  lesion  was  undertaken  in  five  cats,  all  except  one  dissection  being 
made  in  the  open  thorax  under  artificial  respiration.  In  all  cases  the 
entire  stellate  ganglion  was  removed.  The  mass  of  nervous  tissue  was 
secured  by  a  hemostat  and  this  then  cut  away  from  all  the  connections 
by  which  it  was  held,  until  the  hemostat  could  be  removed  without 
tearing.  All  the  records  therefore  give  a  picture  of  the  effects  obtained 
by  excision  of  the  entire  gangUon  including,  of  course,  those  additional 
accelerator  fibers  recorded  by  Ranson,  Spadolini  and  Wickwire  (60), 
which  reach  the  stellate  ganglion  by  way  of  the  superior  cervical 
ganglion. 

Hunt  (62)  recorded  a  loss  of  pressure  on  section  of  the  stellate  ganglia. 
Wickwire  found  a  considerable  loss  (60  mm.)  on  their  section,  when  this 
was  undertaken  without  a  previous  vagotomy.  In  two  cats,  1  and  3, 
a  similar  depression  was  noted.  In  cat  2,  however,  the  faU  was  only 
20  mm.  In  cat  7,  in  which  pressure  was  already  very  low,  no  change 
at  all  was  noted. 

Section  of  the  accelerators  on  both  sides  seems,  like  double  vagotomy, 
to  have  a  typical  effect  on  the  contour  of  the  curve.  It  also  tends  to 
obliterate  the  double  nature  of  the  curve,  which  then  more  closely 
approaches  a  single  peak.  Characteristically,  section  of  the  accelera- 
tors imparts  to  the  anemic  rise  a  marked  plateau  effect.  After  a 
relatively  restricted  latent  period,  pressure  rises  sharply  to  its  maximum 
level  (fig.  1,  occlusion  2),  near  which  it  is  maintained  until  just  prior 
to  its  final  fall,  when  it  may  again  strike  the  greatest  height.  The 
anemic  increment  of  pressure  for  the  five  cats  examined  lay  between 
120  and  160  mm.  Hg.  Such  a  vagus  effect  as  made  itself  felt,  curiously 
enough,  appeared  somewhat  later  than  when  the  accelerators  were 
intact,  and  the  slowing  was  recorded  at  the  crest  of  the  wave  at  a  very 
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high  level  of  blood  pressure.  Occasionally  a  sharp  depressor  effect 
may  be  recorded,  which  is  rapidly  compensated  for;  this  effect  gives  an 
M-shaped  appearance  to  the  curve.  On  the  whole,  with  the  stellate 
gangUa  excised,  pressor  responses  are  more  promptly  executed  and 
longer  maintained.  In  six  additional  cats,  section  of  the  accelerators 
was  complicated  by  other  lesions.  In  the  two  cases  in  which  it  was 
preceded  by  low  section  of  the  sympathetic  chain,  an  anemic  increment 
of  80  mm.  was  obtained  in  each. 


Fig.  1.  Cat  4;  Occlusion  1.  Cerebral  anemia,  anomalous  contour  of  curve. 
In  this,  great  fall  of  pressure  replaces  the  rise  ordinarily  obtained.  The  levels  of 
blood  pressure  before  anemia,  after  anemia  and  after  recovery  of  bulbar  function 
are  shown.  Head  arteries  were  released  immediately  after  the  rise  of  pressure, 
in  which  the  pre-occlusion  level  was  partially  recovered.  Pressure  fell  sub- 
sequently as  low  as  the  lowest  point  obtained  during  anemia,  but  regained  90  mm. 
above  this  level  with  the  return  of  bulbar  function. 

Occlusion  2:  Cerebral  anemia;  record  following  excision  of  both  stellate  gan- 
glia. When  anemia  is  induced,  pressure  is  50  mm.  lower  than  after  recovery  of 
bulbar  function,  prior  to  section  of  the  stellates;  M-shaped  curve,  showing  sharp 
immediate  rise  of  pressure,  almost  to  its  maximal  height;  vagus  effect  appears  at 
crest  of  wave.  Temporary  recovery  on  release  of  head  arteries,  followed  by  fall 
to  lowest  level  of  pressure  (55  mm.  Hg.  above  base  line) .  This  low  level  was  three 
times  reached  in  this  animal.  Final  rise  of  pressure  on  renewed  return  of  res- 
piration and  other  medullary  activities. 

Each  occlusion  occupied  3  minutes. 
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5.  Excision  of  the  entire  cardiac  innervation.  In  three  cats  the  sec- 
tion of  both  vagi  and  accelerators  was  undertaken  without  any  previous 
lesion.  In  two  of  them,  section  of  the  vagi  was  undertaken  first,  and 
in  both  cases  a  rise  of  20  mm.  obtained.  Subsequent  section  of  the 
stellates  did  not  appreciably  lower  (by  more  than  5  mm.)  the  original 
level.  The  order  in  which  the  section  of  the  cardiac  nerves  is  carried 
out  is,  therefore,  significant  for  the  general  level  of  pressure,  and  is 
again  in  agreement  with  Miss  Wickwire's  findings.  Several  successive 
curves  were  obtained  from  cat  5.  The  anemic  increment  was  in  these 
cases  somewhat  reduced,  increments  of  80  to  100  mm.  being  obtained 
after  elimination  of  all  the  extrinsic  cardiac  nerves.  When  all  cardiac 
nerves  were  sectioned,  the  curve  tended  to  be  smooth,  the  initial  acute 
rise  not  being  at  all  delayed.  No  change  in  the  occlusion  time  was 
noted. 

Recovery  from  occlusion  after  excision  of  one  or  both  sets  of  the 
extrinsic  cardiac  nerves  was  imiformly  obtained.  The  time  interval 
of  recovery  was  in  no  way  different  from  that  in  normal  animals. 

In  additional  cats  to  be  mentioned  later,  excision  of  the  extrinsic 
innervation  was  preceded  by  a  low  section  in  the  sympathetic  chain. 
One  animal  gave  an  even  higher  anemic  increment  (125  mm.  Hg.) 
than  is  usually  obtained  after  section  of  the  cardiac  nerves  alone. 

In  all  the  curves  of  reaction  to  anemia  from  animals  with  denervated 
hearts,  pressure  was  not  uniformly  maintained  at  the  maximal  level. 
In  two  cases  the  pressure  dropped  immediately;  in  the  rest  (4  cases) 
a  plateau  was  maintained. 

4'  Effect  of  the  cardiac  innervation  on  the  anemic  rise.  Neither  lesion 
of  the  cardiac  innervation,  as  a  whole,  nor  of  the  vagi,  nor  of  the  stellate 
ganglia  separately,  greatly  affects  the  blood  pressure  response.  Its 
duration  seems  to  be  fairly  constant  for  the  ^ven  individual  tested. 
Excision  of  the  entire  cardiac  innervation  may  reduce  the  anemic  incre- 
ment in  some  cases,  but  the  reduction  when  it  occurs  does  not  seem  to 
be  considerable. 

However,  the  cardiac  nerves  seem  to  have  considerable  influence  on 
the  level  of  blood  pressure  in  the  more  detailed  relations  of  the  anemic 
rise,  especially  in  the  early  part  of  the  reaction.  From  the  results 
of  the  section  of  the  accelerators,  particularly  ihe  abruptness  with  which 
an  intense  rise  appears  immediately  on  occlusion  of  the  head  arteries, 
it  seems  that  the  conception  of  the  action  of  the  accelerators  must  be 
extended.  Marey  asserted  in  1881  that  with  the  vagus  intact' no  very 
great  rise  of  pressure  can  be  obtained.    Indeed,  as  long  as  the  vagi  are 
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functional  the  maximal  anemic  increment  is  not  immediately  obtained, 
and  cannot  be  reached  in  the  early  part  of  the  occlusion  unless  the 
vagi  be  sectioned.  The  same  seems  to  follow  also  for  the  accelerators 
since,  when  they  are  removed,  the  vagus  cannot  prevent  the  inmiediate 
and  considerable  augmentation  of  pressure.  In  the  earlier  part  of  the 
anemic  response,  the  combined  action  of  the  entire  cardiac  innervation 
seems  to  effect  a  considerable  check  on  the  rapid  rise  of  blood  pressure. 
This  may  be  due  to  afferent  or  efferent  impulses,  but  the  accelerators 
seem  to  be  involved  as  well  as  the  vagi. 

The  relations  of  the  cardiac  innervation  to  the  second  rise  of  pressure 
are  not  so  clear.  Stewart  (28)  attributed  this  in  part  to  accelerator 
fibers  in  the  stellate  ganglion,  and  possibly  in  the  vagus,  but  recently 
Stewart  and  Rogoff  (63)  have  demonstrated  the  possibility  of  producing 


Fig.  2.  Cat  23;  cerebral  anemia.  Splanchnic  nerves  sectioned  at  their  entry 
to  coeliac  ganglia.  Occlusion  time  3  minutes.  Skeletal  convulsions  and  res- 
piratory spasms  evident.  The  only  factors  in  the  vascular  reaction  recognizable 
in  the  tracing  are  the  changes  in  heart  rate.  This  is  accompanied  by  a  very  slight 
change  in  level  as  the  heart  is  breaking  away  at  the  usual  time  from  its  slow  rate. 
Two  respiratory  gasps  are  later  imposed  on  the  tracing. 

cardiac  acceleration  by  sciatic  stimulation  even  after  the  heart  is  com- 
pletely denervated.     In  this  series  of  experiments  the  rise  appears  very 
definitely  in  cats  with  accelerators  removed  and  vagus  intact.     It  must, 
^"^     efore,  be  referable  to  vasomotor  or  endocrine  effects  under  these 
litions.     Ordinarily,  there  is  no  break  in  the  curve  after  double 
)tomy,  the  fall  due  to  vagus  slowing  being  absent.     In  two  cats, 
ever,  such  a  second  rise  has  also  been  seen  when  the  heart  was  com- 
ply denervated.     It  seems  that  the  cessation  of  the  vagus  effect, 
e  undoubtedly  significant,  is  only  one  of  the  factors  involved. 
I  the  absence  of  the  influence  of  the  cardiac  nerves  on  the  initiation 
maintenance  of  the  reaction  to  cerebral  anemia,  it  seems  that  we 
t  look  to  the  vasomotor  mechanism  itself. 
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It  is  interesting  to  note,  however,  that  when  the  animal  is  no  longer 
intact,  and  the  peripheral  resistance  has  been  markedly  lowered  by  a 
high  transection  of  the  cord,  these  relations  are  changed.  •  Yates  (36) 
has  observed  that  cats  which  showed  a  considerable  anemic  rise  after 
recovery  from  such  a  section,  completely  lost  their  ability  to  react  to 
cerebral  anemia  following  a  subsequent  excision  of  the  stellate  gangUa. 
However  important  for  all  practical  purposes  the  vasomotor  control 
may  be,  the  considerable  involvement  of  cardiac  factors  in  the  inte- 
grated response,  particularly  in  the  event  of  injury  to  the  vasomotor 
nerves,  must  not  be  overlooked. 

c.  Influence  of  Ihe  splanchnic  nerves  on  the  anemic  rise.  The  wide 
distribution  of  the  splanchnics,  gives  a  possibility  for  various  lesions 
within  the  system.  Section  of  the  splanchnics  was  therefore  undertaken 
i,  in  the  base  of  the  sympathetic  chain  before  leaving  the  thorax;  ^,  in 
the  abdomen,  just  prior  to  their  entrance  into  the  coehac  gangUon; 
S,  in  various  levels  of  the  spinal  cord  in  the  thoracic  region. 

The  anatomical  relations  of  the  splanchnic  outflow  in  the  cat  have 
been  described  by  Langley  (64),  who  concludes  that  the  fibers  destined 
to  enter  the  splanchnic  nerves  leave  the  cord  in  large  part  below  the 
level  of  the  sixth  thoracic,  though  occasionally  fibers  can  be  traced  at 
the  level  of  the  fifth  and  even  fourth  thoracic.  Langley's  statement 
appears  based  only  in  part  on  his  own  observations,  and  is  largely 
founded  on  the  work  of  other  investigators  embodied  in  the  papers 
quoted.  Several  authors  included  higher  levels  for  the  effects  studied 
based  on  experimental  rather  than  anatomical  evidence  though  all 
have  stated  that  the  effect  elicitable  is  relatively  slight.  Bayliss  and 
Starling  gave  3rd  thoracic  as  supplying  the  portal  circulation,  Bradford, 
the  3rd  thoracic  as  supplying  the  kidney;  and  Schafer  and  Moore, 
3rd  thoracic  as  supplying  the  spleen. 

In  a  more  recent  study  on  cats  Ranson  (65)  has  re-investigated  the 
problem.  He  confirms  Langley's  findings  and  considers  the  4th  thor- 
acic the  highest  limit  of  the  splanchnic  outflow.  Hanson's  material, 
however,  was  in  part  restricted  to  animals  in  which  only  the  levfels 
below  the  6th  thoracic  were  examined.  Ranson  has  investigated  fur- 
ther the  level  at  which  the  splanchnic  nerve  leaves  the  sjonpathetic 
chain.  In  far  the  greater  number  of  cases  (13  out  of  17)  the  nerve  was 
given  off  between  the  1st  limibar  and  13th  thoracic  ganglion,  in  the 
remaining  four  cases,  the  nerve  left  between  the  1st  and  2nd  lumbar 
ganglia.  The  relation  of  this  branching  to  the  diaphragm  was  not 
stated. 


Digitized  by 


Google 


14  CORA  SENNER  WINKIN 

1,  Lesions  within  the  splanchnic  outflow:  Section  of  the-  sympathetic 
chain;  thoracic  section  of  the  splanchnics.  In  12  animals  the  splanchnic 
outflow  was  interrupted  in  the  lower  thorax.  Under  artificial  respira- 
tion, a  low  midventral  incision  was  extended  bilaterally  on  either  side 
of  the  diaphragm,  and  the  lungs  held  back  while  the  sympathetic  chain 
was  isolated  and  sectioned. 

Section  of  the  sympathetic  chain  below  the  level  of  the  8th  or  9th 
thoracic  vertebrae  usually  gives  a  very  marked  fall  of  pressure. 
When  the  splanchnic  branch  from  the  sympathetic  chain  itself  is  cut, 
this  depression  amounts  at  least  to  80  mm.  Hg.  In  spite  of  this  low 
level  of  pressure,  spontaneous  respiration  is  not  usually  lost,  and  when 
ether  is  reduced,  eye  reflexes  and  other  skeletal  responses  are  readily 
eUcitable.  The  condition  of  the  animal,  however,  is  precarious,  and 
prolonged  operative  manipulations  with  too  great  a  depth  of  anes- 
thesia will  readily  cause  complete  loss  of  the  bulbar  responses.  This 
precarious  condition  is  in  fact  met  with  in  all  extended  lesions  within 
the  splanchnic  system,  and  offers  some  difliculty  in  the  further  manip- 
ulation of  the  animals. 

Occlusion  of  the  head  arteries  in  this  series  generally  gave  a  relatively 
vigorous  response.  The  intensity  of  the  response  varied,  the  degree 
of  variation  from  the  normal  being  dependent  apparently  on  the  nature 
of  the  lesion. 

Group  I.  In  these  animals  section  of  the  sympathetic  chain  was 
undertaken  in  its  lower  levels,  post-mortem  examination  showing  no 
lesion  above  the  level  of  the  8th  thoracic.  In  two  of  these  animals 
autopsy  showed  the  lesion  incomplete  on  one  side,  thus  amounting 
largely  to  a  unilateral  injury.  The  anemic  response  obtained  in  four 
of  these  animals  was  very  considerable,  the  values  being  100,  120,  140, 
150  mm.  Hg.,  respectively.  The  contour  of  the  curves  was  tjrpical  of 
the  normal  anemic  responses,  and  the  rise  of  pressure  easily  over-reached 
the  original  control  level  of  blood  pressure.  All  these  cats  showed  a 
normal  recovery  from  the  occlusion.  In  nos.  12  and  15,  excision  of  the 
stellate  ganglia  was  done  subsequent  to  recovery  and  a  third  occlusion 
obtained.  Cat  15  that  had  shown  an  unusually  vigorous  response  in 
its  first  occlusion  gave  an  increment  of  125  mm.  Hg.  after  excision  of 
both  vagi  and  both  stellates.  The  thoracic  chain  was  sectioned  at  the 
level  of  the  8th  and  9th  thoracic  on  one  side,  between  the  10th  and  11th 
on  the  other.  Cat  11  was  slightly  different.  The  original  depression 
of  blood  pressure  after  section  of  the  chain  was  80  mm.  Hg.;  the  anemic 
increment  was  somewhat  reduced,  amounting  only  to  70  mm.  so  that 
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the  anemic  rise  fell  short  of  reaching  the  original  level.  The  cat 
recovered,  however,  and  subsequently  made  up  the  10  mm.  difference 
in  an  anemic  rise  obtaLned  after  the  stellate  ganglia  had  been  excised. 
The  greater  splanchnics  may  have  been  involved  in  this  case. 

Group  II.  This  comprised  the  remaining  7  cats  of  the  series.  In 
all  these  animals  a  complete  bilateral  section  of  the  splanchnic  nerves 
was  done  in  the  thorax  between  their  branching  from  the  sympathetic 
chain  and  before  their  entry  into  the  diaphragm.  On  cutting  the 
splanchnic  nerves  the  initial  fall  of  pressure  was  great,  averaging  80 
nmx.  In  four  cats  the  effect  of  occlusion  was  well  marked,  tlie  curves 
differing  from  the  normal  only  in  a  slight  reduction  of  the  anemic 
increment  of  blood  pressure,  this  being  70  mm.  in  three  cases. 
In  these  cases  also  pressure  did  not  reach  the  level  held  prior  to  section. 

In  the  three  remaining  cats  of  the  series  a  still  greater  depression 
of  the  anemic  response  was  obtained.  Cat  20  gave  a  most  complete 
picture.  The  anemic  rise  reduplicated  all  the  characteristics,  of  the 
normal  response  on  a  smaller  scale.  A  vagus  effect  appeared  promi- 
nently. The  maximum  anemic  increment  of  pressure  in  these  experi- 
ments was  40  nun.  When  pressure  feU  spontaneously  after  occlusion 
it  reached  the  identical  level  maintained  after  section  of  the  splanchnics 
prior  to  occlusion.  Low  section  of  the  spinal  cord  at  this  time  induced 
a  further  faU  of  only  10  mm.  Hg.  In  cat  22  the  acderators  were  also 
removed,  and  an  even  greater  depression  of  the  anemic  response  was 
obtained,  the  entire  change  of  level  on  occlusion  amounting  to  only 
5  nun. 

Cat  21  was  slightly  anomalous  but  yet  highly  instructive.  The 
animal  showed  a  great  resistance  to  anemia,  and  it  took  some  15  minutes 
before  the  respiratory  and  vasomotor  responses  fully  faded  out.  At 
first  the  i^cord  clearly  approximated  that  of  cat  20,  an  initial  rise  of 
30  mm.  being  shown.  With  the  psrsistsncs  of  the  bulbar  functions, 
however,  there  was  reproduced  on  a  different  scale,  the  wide  oscilla- 
tions procurable  in  all  animals  difficult  to  asphyxiate.  At  first  the 
vasomotor  oscillations  were  slight  and  rather  irregular,  but  they  grad- 
ually developed  into  large  and  rapid  waves  in  which  the  greatest  ex- 
cursion of  blood  pressure  was  developed,  amounting  to  a  fluctuation  of 
60  nun.  at  the  height  of  the  response.  The  level  of  blood  pressure 
from  which  these  oscillations  developed  was  not  raised,  the  whole 
response  being  simply  recorded  within  this  maximum  variation  of 
60  mm.  This  offers  a  striking  contrast  to  the  analogous  records  of 
incomplete  occlusion  periods  of  similar  length  obtained  in  intact  ani- 
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mals.  In  such  animals  the  level  of  pressure  shows  similar  oscillations, 
but  these  vary  within  a  much  greater  range,  usuaHy  approaching  200 
ihm.  difference  in  level.  No  recovery  of  bulbar  functions  was  elicited 
from  any  of  these  animals.  That  this  was  not  the  nepessary  conse- 
q^ence  of  a  lesion  at  this  level,  but  merely  an  indication  of  the  precarious 
conditions  of  animals  exposed  to  this  double  lesion,  is  shown  in  the 
following  experiments. 

Section  of  the  sympathetic  chain;  abdominal  section  of  the  splanchnics. 
Although  the  blood  pressure  response  is  seriously  reduced  by  section 
of  the  splanchnic  nerves  above  the  diaphragm,  a  slight  degree  of  re- 
sponse still  seems  elicitable.  It  seems  possible,  however,  completely 
to  eliminate  all  rise  of  blood  pressure  as  the  result  of  bulbar  anemia, 
while  maintaining  all  other  evidence  of  medullary  activity,  by  section  of 
the  greater  splanchnic  nerves  in  the  abdomen. 

Dissection  for  the  splanchnics  in  the  abdomen  was  made  by  the 
method  indicated  in  Sherrington's  Mammxilian  Physiology  (66).  The 
incisions  were  made  from  the  back,  through  the  latissimus  dorsi  mus- 
cles, and  the  nerves  were  cut  just  before  their  entry  into  the  coeliac 
ganglion.  The  identity  of  the  nerves  was  first  tested  by  electrical 
stimulation  with  shielded  electrodes. 

A  striking  example  of  the  result  of  this  section  was  obtained  in  cat 
23.  In  this  animal  (fig.  2)  the  greatest  excursion  of  blood  priessure 
amounted  to  10  mm.,  yet  all  other  effects  of  occlusion  were  noted.  An 
asphyxial  effect  on  the  vagi  appeared  in  the  pressure  curve  followed  by 
a  very  slight  improvement  in  the  level.  From  this  point  on,  however, 
Dressure  fell  very  gradually,  until,  at  the  end  of  3  minutes,  it  remained 
constant.  In  this  very  gradual  fall,  pressure  reached  a  level  some 
20  mm.  below  that  of  the  original  pressure  before  occlusion.  After 
digital  compression  of  the  abdominal  aorta,  spontaneous  respiration 
returned  in  this  animal.  When  respiration  had  become  completely 
reestablished  and  a  corneal  reflex  again  obtained,  the  trachea  was 
clamped.  No  asphyxial  rise  of  pressure  to  speak  of  was  obtained,  the 
entire  subsequent  variation  of  pressure  being  well  within  20  mm.  Hg. 
Respiratory  waves  and  some  vagus  effect  were  recorded;  failure  of  the 
heart  soon  followed. 

Section  of  the  thoracic  spinal  cord.  Section  of  the  spinal  cord  was 
undertaken  in  16  cats.  The  laminectomy  was  carried  out  immediately 
following  tracheotomy,  the  wound  temporarily  closed  by  hemostats 
and  the  head  arteries  then  prepared  for  ligation.  Finally  the  cord 
was  sectioned,  and  blood  pressure  allowed  to  reach  a  constant  level 
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before  inflicting  any  further  lesions.  Several  successive  sections  of  the 
cord  were  frequently  carried  out  in  the  same  animal  before  occlusion 
was  produced. 

Section  of  the  thoracic  cord  was  carried  out  at  various  levels.  The 
effect  of  section  varied  considerably  with  the  level  of  the  lesion,  and  to 
some  extent  alao  with  the  individual  animal.  Certain  results,  however, 
are  patent.  Lesion  in  the  lowest  levels  of  the  thorax  eUcited  only  a 
slight  permanent  fall  of  pressure,  and  did  not  seriously  aflfect  the  anemic 
response.  Lesions  in  the  midthoracic,  at  the  level  of  the  8th  thoracic 
and  9th  thoracic  vertebrae  were  more  apt  to  elicit  a  profound  fall  of 
pressure,  and  seriously  to  reduce  the  anemic  increment.  Lesions  in 
the  upper  thorax  also  elicited  a  great  fall  on  section  and  often  completely 


Fig.  3.  Cat  30:  cerebral  anemia.  Spinal  cord  sectioned  at  the  level  of  the  5th 
thoractic  verterbra.  This  reaction  shows  the  features  of  the  typical  blood  vas- 
cular response  to  anemia  in  every  respect,  but  the  level  to  which  the  maximal 
rise  of  pressure  (second  rise)  attains.  The  anemic  increment  here  is  only  50  mm. 
Hg.    Cardiac  effects  of  slowing  and  acceleration  recorded  as  usual. 

abolished  the  rise  of  pressure.  There  were,  however,  certain  individuals 
in  which  even  a  high  thoracic  lesion  did  not  evoke  a  maximum  fall  of 
pressure,  and  in  which  a  relatively  vigorous  response  was  obtained  even 
after  a  high  dorsal  section.  Accordingly  the  experimental  material 
can  be  roughly  classified  into  three  groups: 

Group  I,  Lesions  in  the  lower  thoracic  region.  Very  vigorous  responses 
to  cerebral  anemia  can  still  be  obtained  from  animals  with  a  lesion  at 
the  level  of  the  10th  to  12th  thoracic  vertebrae.  Cat  25  with  section 
at  T  10-11  showed  an  anemic  increment  of  125  mm.  Hg.  In  cat 
24  an  anemic  resp)onse  lasting  over  5  minutes  was  obtained,  in  which 
the  variation  of  pressure  extended  over  75  mm.  Hg.    The  contour  of 
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this  curve  will  be  discussed  below  in  connection  with  similar  anomalous 
curves  obtained  from  control  records  in  other  animals.  In  these  cats 
a  fall  of  pressure  replaces  the  usual  rise;  the  variation  of  level  being 
of  the  same  order  of  magnitude.  In  cat  24,  despite  the  great  drop  of 
pressure,  the  original  level  was  regained  toward  the  end  pf  the  anemic 
response  at  the  time  usually  occupied  by  the  second  rise  of  pressure. 

Measurements  of  loss  of  pressure  after  section  in  the  lowest  levels 
of  the  thorax  show  a  maximal  total  loss  of  50  mm.  Hg.  Frequently 
only  a  few  millimeters  are  lost.  In  cat  30  the  10  mm.  lost  after  section 
at  the  10th  thoracic  were  completely  recovered  within  10  minutes, 
pressure  rising  even  above  the  level  recorded  prior  to  transection. 

Group  II.  Abolition  of  the  anemic  response.  Lesions  of  the  cord 
in  the  region  of  the  8th  thoracic  usually  entail  a  rather  seyere  effect; 
the  loss  of  pressure  following  this  section  may  amount  to  80  mm.  Hg. 
If  the  fall  is  as  great  as  this,  the  anemic  response  is  apt  to  be  seriously 
diminished.  Cat  25,  which  gave  a  very  vigorous  response  after  section 
at  T  10,  showed  a  further  loss  of  80  mm.  when  the  cord  was  sectioned 
at  T  8,  the  level  falling  100  mm.  below  that  held  when  the  animal  was 
intact.  The  anemic  increment  after  section  at  T  8  was  only  30  mm. 
Hg.  The  reduction  of  the  anemic  increment  to  a  variation  of  pressure 
of  only  30  to  40  mm.  was  seen  in  five  other  experiments,  (cats  24,  30, 
38,  40,  and  42)  in  which  section  in  the  region  of  the  8th  to  10th  thoracic 
gave  a  considerable  depression  of  the  level  of  blood  pressure  and  in 
which  anemia  of  the  bulb  failed  to  evoke  an  increment  of  pressure 
greater  than  40  nun.  That  the  vagus  is  partially  responsible  for  this 
effect  is  indicated  by  cat  42,  in  which  an  initial  response  after  section 
in  the  8th  thoracic  gave  an  increment  of  only  20  mm.  This  increment, 
however,  rose  sUghtly  above  40  mm.  in  a  subsequent  occMsion  after 
the  vagi  had  been  sectioned. 

Section  of  the  cord  above  the  8th  thoracic  in  three  animals,  cats  35, 
39  and  44,  gave  a  very  marked  fall  of  pressure  in  all  these  cases  and  no 
anemic  response  greater  than  30  mm.  was  obtainable  in  any  one  of 
them.  In  cat  44,  only  one  section  was  made  at  T  6,  and  no  anemic 
increment  at  all  was  obtainable  after  occlusion.  In  the  other  two  ani- 
mals several  successive  sections  were  undertaken  before  occlusion  was 
tested.  In  cat  39,  the  first  section  was  carried  out  at  T  7;  this  was 
followed  by  a  fall  of  55  mm.;  40  mm.  more  were  lost  in  successive  sec- 
tions ascending  to  the  level  of  T  4.  In  cat  35,  80  mm.  were  lost  by 
section  at  T  8,  and  only  20  mm.  more  by  successive  sections  to  T  6. 
The  level  of  pressure  above  base  hne  from  which  only  a  minimal  sub- 
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sequent  fall  occurs  under  further  manipulations,  lies  between  35  to  50 
mm.,  the  residual  pressure  maintained  by  the  spinal  cord  alone. 

Group  III,  Retention  of  an  anemic  effect.  The  midthoracic  region 
is  apparently  not  critical  for  vasomotor  responses  in  all  animals.  In 
cat  34  section  at  the  8th  thoracic  gave  a  loss  of  only  30  mm.  Hg.  and 
an  anemic  increment  of  68  nmi.  Hg.  was  obtained.  The  relatively 
slight  loss  of  pressure  following  section  at  T  7  in  cat  39  above  mentioned 
also  shows  that  in  some  animals  the  higher  levels  of  the  cord  are  of 
great  importance. 

However,  the  most  significant  indication  of  participation  of  the  upper 
levels  of  the  cord  in  conveying  fibers  significant  for  the  vasomotor 
response  was  obtained  in  four  additional  animals.  A  strikingly  com- 
plete anemic  rise  was  obtained  from  cat  30,  in  which  the  cord  had  been 
sectioned  as  high  as  T  5  (fig.  3).  The  anemic  increment  here  was  54 
mm.  In  cat  38  a  well-maintained  response  of  44  mm.  was  obtained  on 
occlusion  after  section  at  T  6.  In  cat  31  a  rise  of  the  same  magnitude 
(40  mm.)  was  obtained  after  section  at  T  2.  The  level  maintained 
after  section  at  T  2  prior  to  occlusion  was  65  mm.  Hg.  above  base 
line  and  did  not  reach  the  level  of  50  mm.  until  after  occlusion.  An 
interesting  record  of  the  potency  of  the  higher  levels  in  certain  indi- 
viduals for  both  the  maintenance  of  blood  pressure  and  its  variation  is 
best  given  in  the  following  protocol — cat  40, 

Condensed  protocol,  cat  40  {pressure  here  given  in  level  above  base  line)  A  pril  22, 1918 

Tracheotomy,  blood  pressure,  cannula,  laminectomy,  head  arteries  prepared 

for  ligation. 

2:30    Control  blood  pressure — 130  mm.  Hg. 

2:35    Sectiop  of  cord  at  T  8 

2:40    Level  of  blood  pressure — 118  mm.  Hg. 

2:45    Section  of  cord  at  T  6 

2:47    Level  of  blood  pressure— 90  mm.  Hg.,  total  depression  of  pressure — 40  mm. 

2:48    Corneal  reflex 

Occlusion.     Sharp  rise  of  pressure  to  114  mm.  drop  to  90  mm.  Hg.,  great 
vagus  effect,  rise  again  to  130  mm. :  anemic  increment — 40  mm. 

2:51    Pressure  released  before  spontaneous  fall  began,  gasps  immediately  return, 
fall  to  80  mm. 

2:57    Respiration  reestablished,  section  of  cord  at  T  5 

2:58    Level  of  blood  pressure — ^70  mm.  Hg.,  total  depression  of  pressure — 60  mm. 

2:59    Corneal  reflex,  occZi»«ton;— incomplete 

3:01    Further  manipulation  of  clamps,  immediate  rise  of  pressure  to  114  mm., 
anemic  increment — 44  nun. 

3:04    Released  before  spontaneous  fall,  pressure  drops  to  50  mm.  Hg.,  but  imme- 
diately begins  again  to  recover 
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3:05    Gasps  return,  pressure  continues  rising 

3: 10    Pressure  reaches  90  mm.  Hg.  again,  regular  waves  in  blood  pressure  curvOi 

respiration  reestablished 
3 :  17    Section  of  cord  at  T  4,  pressure  drops  to  70  mm. 

Corneal  reflex,  Occlusion:  sharp  rise  of  pressure  to  100  mm.  fall  to  60  mm. 

during  vagus  slowing,  subsequent  rise  to  112  mm.;  anemic  increment — 

42  mm. 
3:23    Pressure  released  before  spontaneous  fail,  drops  sharply  to  44  mm.  but 

immediately  begins  to  rise  again 
3:25    Gasps  return 

3:33    Pressure  at  84  mm.  again,  respiration  reestablished 
3 :39    Section  of  cord  at  T  2,  pressure  falls  to  46  mm .  Hg.  total  depression  of  pres- 
sure, 84mm. 
3:40    Corneal  reflex,  Occltunan:  initial  rise  to  64  mm.  Hg.  fall  to  30  mm.  during 

vagus  slowing,  second  rise  to  74  mm.  Hg.  anemic  increment — 28  mm. 
3:42    30  Head  arteries  released  before  spontaneous  fall,  pressure  immediately 

fails  to  20  mxa,  but  again  regains  level 
3:45    Pressure  has  reached  54  mm.,  gasps  return,  fuHher  rise  to  60  mm.  respirar 

tion  reestablished 
Thopax  opened,  artificial  respiration  administered 
4 :05   'S3rmpathetic  chain  cut  in  midthpracic,  predsiire  fall  to  40  mm.'  total  depress 

sion  of  pressure-^  mm. 
4:07    Corneal  reflex:  occlusion,  rise  to  52  mm.  slight  fall,  rise  to 48  mm.  atomic 

increment — 12  mm. 
4:11    Release  of  he^d  arteries,  pressure  drops  to  30  mm. 
4:14    Gasps  return,  pressure  rises  to  40  mm.  respiration  ceestablished 
'4:55    Splanchnics  cut  in  psoas  muscles,  no  effect  on  blood  pressure,  no  recovery 

of  level  or  return  of  respiration 
5:10    Artificial  respiration  intermitted,  pressure  drops  to  base  line. 

Effect  of  the  splanchnic  constrictor  fibers  on  the  anemic  rise.  The  bur- 
den of  the  anemic  response  seems  to  lie  in  the  vasomotor  apparatus, 
and,  if  the  evidence  of  these  experiments  is  adequate,  almost  exclusively 
on  the  splanchnic  constrictor  fibers.  Peripheral  section  of  the  splanch- 
nic nerves,  with  its  great  depression  of  blood  pressure,  and  the  sub- 
sequent inability  to  obtain  any  anemic  increment  whatever,  speaks 
strongly,  almost  unequivocally,  for  such  an  interpretation.  Additional 
evidence  for  the  importance  of  the  splanchnic  pathway  for  the  vaso- 
motor changes  during  anemia  is  the  relation  of  the  level  of  blood  pressure 
after  section  within  the  splanchnic  outflow  to  the  anemic  increment 
eUcitable  on  occlusion.  The  data  show  quite  clearly  that  the  greater 
the  initial  depression,  the  less  powerful  the  response. 

This  very  definite  grading  of  the  blood  pressure  level  to  the  magni- 
tude of  the  anemic  rise  gives  a  further  insight  into  the  anatomical 
relations  of  the  splanchnic  outflow.     In  the  cats  examined  the  greatest 
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Fig.  4.  Cat.  45.  Repeated  cerebral  anemia;  double  vagotomy;  10th  successive 
occlusion;  dissociation  of  reaction  curve  into  two  distinctly  separated  peaks  is 
shown  fully  established.  Second  peak  in  this  occlusion  is  still  considerably 
greater  than  the  first.  Pressure  falls  very  low  at  the  end  of  the  response  (30  mm. 
Hg.  above  base  line).  Each  curve  occupies  approximately  half  the  period  of  the 
reaction. 

Seventeenth  successive  occlusion:  Dissociated  curves  show  little  difference 
in  time  relations  compared  with  those  obtained  2  hours  earlier.  Difference  in 
contour  found  in  the  greater  emphasis  of  the  first  as  compared  with  the  second 
peak  of  pressure.  The  rise  in  level  prior  to  occlusion  represents  the  recovery  of 
blood  pressure  after  the  preceding  occlusion  following  the  return  of  respiratory 
gasps. 
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average  ouflow  from  the  cord  to  the  sympathetic  chain  is  apparently 
in  the  region  of  the  6th  to  8th  thoracic.  Yet  the  outflow  is  not  restricted 
to  the  lower  thoracic  region,  for  fibers  in  the  higher  thoracic  region  even 
as  high  as  the  1st  or  2nd,  have  in  these  experiments  been  foimd  of  some 
importance  both  for  the  maintenance  of  the  level  and  the  changes 
of  blood  pressure.  Such  a  curve  as  that  obtained  from  cat  30  (fig.  3) 
shows  convincingly  that  in  some  animals  a  good  proportion  of  fibers 
leave  the  spinal  cord  to  enter  the  sj^mpathetic  chain  above  the  level  of 
the  5th  thoracic  vertebra. 

While  therefore  the  anatomical  findings  of  Langley  and  Ranson  for 
the  average  level  of  outflow  have  in  the  main  been  verified,  the  involve- 
ment of  higher  levels  already  indicated  by  the  various  physiological 
researches  quoted  by  Langley  has  received  a  rather  striking  con- 
firmation. 

In  such  an  instance,  the  physiological  evidence  may  well  have  pre- 
cedence over  the  anatomical,  for  whereas  a  small  bundle  of  fibers  is 
most  difficult  to  stain  and  trace  microscopically,  a  weak  physiological 
effect,  when  definitely  isolated,  is  quite  unmistakable.  The  involvement 
of  these  fibers  from  the  higher  levels  within  the  splanchnic  system,  be- 
comes of  particular  importance  when  the  entire  burden  of  the  splanch- 
nic function  is  restricted  to  these  levels.  Since  the  very  high  out- 
flow presumably  goes  by  way  of  the  stellate  ganglion,  it  is  necessary  to 
differentiate  between  the  effect  of  the  splanchnic  fibers  proper  and  the 
accelerators.  However,  in  these  cats  in  which  an  abdominal  or  high 
spinal  section  completely  abolished  the  rise,  the  cardiac  nerves  seemed 
completely  impotent  against  the  lowered  peripheral  resistance. 

Accordingly,  the  vasomotor  impulses  that  travel  through  the  splanch- 
nic nerves  to  the  coeliac  ganglion  may  leave  the  cord  as  high  as  the 
first  or  second  thoracic.  They  may,  however,  stay  in  the  cord  through- 
out the  thoracic  region  and  leave  it  even  below  the  diaphragm.  Ran- 
son's  results  on  the  very  low  level  at  which  the  splanchnic  nerve  leaves 
the  chain  in  cats,  is  in  close  agreement  with  these  findings. 

There  thus  appears  to  be  a  double  pathway  for  the  splanchnic  out- 
flow in  the  thorax,  one  within  the  cord,  the  other  outside  of  it.  The 
outflow  of  the  splanchnic  fibers  from  the  cord  to  the  sympathetic  chain 
seems  distributed  over  the  entire  thoracic  region,  the  relative  distribu- 
tion varying  from  one  individual  to  another. 

In  this  light  the  impossibiUty  of  abolishing  the  anemic  rise  by  a  sec- 
tion which  implicates  only  part  of  the  splanchnic  system  is  explicable. 
The  wide  distribution  of  the  splanchnic  fibers  would  make  it  difficult 
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to  compromise  the  response  by  a  definitive  lesion.  Such  a  lesion  could, 
it  seems,  be  secured  only  when  the  section  falls  sufficiently  far  out  in 
the  periphery  or  sufficiently  high  up  in  the  cord,  definitely  to  interrupt 
the  conduction  pathways  from  medulla  to  coeliac  ganglion.  Unless  this 
interruption  is  accomplished,  the  fibers  that  are  left  in  continuity  with 
the  medulla  and  the  periphery  are  able  to  initiate  an  anemic  rise  which, 
even  if  considerably  diminished  in  intensity,  repeats  all  other  char- 
acteristics of  the  usual  vasomotor  response. 

To  the  splanchnic  innervation,  therefore,  the  most  significant  fac- 
tors in  the  blood  vascular  reaction  to  cerebral  anemia  can  be  attrib- 
uted: the  initiation  of  the  rise  and  the  level  which  this  reaches.  Since 
these  factors  can  be  controlled  by  differential  lesions  within  the  splanch- 
nic system,  the  influence  of  the  non-splanchinc  vasomotors  may  be 
neglected  for  the  purposes  of  the  present  survey. 

On  the  influence  of  the  splanchnic  system  on  the  maintenance  of  the 
normal  level  of  blood  pressure:  The  splanchnic  fibers  seem  involved  when 
the  level  of  pressure  is  above  50  to  60  mm.  for  unless  a  complete  interrup- 
tion of  the  conduction  path  from  medulla  to  coeliac  ganglion  has  been 
demonstrated,  pressure  returns  to  a  higher  level  the  height  depending 
apparently  on  the  number  of  fibers  in  the  splanchnic  system  remaining 
functional.  The  level  of  50  to  60  mm.  is  that  shown  by  Mayer,  Couty 
and  later  workers  to  be  that  maintained  by  the  spinal  cord  alone.  Yates 
also  finds  this  level  to  be  approximately  that  reached  by  blood  pressure 
after  recovery  (2  to  32  days)  from  high  transection  of  the  spinal  cord 
at  8th  cervical  to  5th  thoracic.  Her  average  level  of  pressure  lay  some- 
what lower  than  this,  between  40  to  50  mm.  From  Pike's  and  Langley's 
studies  this  residual  spinal  level  appears  rather  as  a  skeletal  or  somatic, 
than  as  a  vascular  or  sympathetic  phenomenon.* 

The  difference  between  the  residual  spinal  level  and  the  normal  one — 
a  difference  of  80  to  100  mm. — would  therefore  appear  as  accounted 
for  largely  by  the  action  of  the  sympathetic  neurones  within  the  splanch- 
nic system.  When  the  range  of  variation  during  anemia  is  examined, 
this  is  seen  to  be  three  to  four  times  as  great  in  the  animal  with  splanch- 
nics  intact  as  in  the  animal  which  is  largely  dependent  on  its  skeletal 
musculature.  The  variation  of  pressure  in  cats  with  low  thoracic 
section  of  the  sympathetic  chain  is  greatly  restricted  where  the  animal 
was  highly  resistant  to  anemia  and  a  period  as  long  as  15  minutes  elapsed 
before  the  processes  activated  by  the  higher  levels  ceased.  Further- 
more, as  long  as  the  splanchnic  system  is  functional,  pressure  does  not 
drop  below  the  level  of  50  to  60  mm.'  Hg.,  however  great  the  variation 
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of  pressure  and  no  matter  how  exigent  the  inimical  conditions.  This  is 
well  illustrated  by  the  variation  of  pressure  noted  in  figure  3.  The  pro- 
tocol of  cat  40  where  pressure  in  maintained  in  excess  of  60  mm.  until 
after  a  section  of  the  spinal  cord  at  the  level  of  the  4th  thoracic,  also 
emphasizes  the  relation  of  this  level  to  splanchnic  activity. 

On  some  anomdUma  curves.  In  a  relatively  large  number  of  cats 
(8  in  60)  a  depression  of  blood  pressure  was  obtained  on  occlusion  in- 
stead of  the  usual  anemic  increment.  This  depression  of  the  level  of 
blood  pressure  was  great,  approaching  the  order  of  magnitude  of  the 
usual  positive  effect.  In  six  of  these  cats,  pressure  fell  100  mm.  and 
more  below  the  original  level  of  blood  pressure.  Most  of  these  curves 
represented  control  occlusions,  one  example  of  which  has  been  figured 
(fig.  1,  occlusion  1)  in  which  no  previous  lesion  had  been  inflicted  the 
vagi  being  intact  in  all  cases.  In  one  case,  cat  24,  also  mentioned, 
this  depression  appeared  after  low  section  of  the  spinal  cord.  In  these 
cats  on  occlusion  there  followed  no  initial  increment,  or  only  a  very 
slight  increase  in  the  level  (5  mm.).  Pressure  then  continued  constant 
for  some  20  seconds.  Following  this  a  great  and  very  rapid  fall  of 
blood  pressure  set  in  from  which  recovery  occurred  at  about  the  time 
ordinarily  occupied  by  the  second  rise  of  blood  pressure.  In  this  recov- 
ery from  the  low  level  of  blood  pressure,  however,  pressure  approached 
but  never  completely  attained  the  original  level  observed  before 
occlusion. 

The  magnitude  of  the  effect  might  argue  for  the  involvement  of  the 
splanchnic  system.  As  such,  it  might  be  aroused  by  an  afferent  excita- 
tion of  the  depressor  fibers  in  the  vagus.  The  relation  of  the  depressor 
to  the  splanchnic  system  and  also  to  the  discharge  of  adrenalin  (which 
would  of  course  be  involved  in  all  splanchnic  excitd.tion)  has  been  dis- 
cussed by  Ludwig  and  Cyon  (48)  and  Oliver  and  Schafer.  BayHss 
(67)  has  dealt  with  the  antagonism  of  asphyxia  and  depressor 
stimulation. 

On  the  other  hand,  the  depression  of  blood  pressure,  instead  of  being 
due  to  the  cardiac  innervation  set  into  action  through  an  afferent  chan- 
nel, might  be  affected  directly  through  a  change  in  the  minute  volume 
of  the  heart,  especially  under  changed  conditions  within  the  vagus  sys- 
tem. Wickwire  (60)  has  particularly  noticed  that  different  degrees 
of  the  depth  of  anesthesia  gravely  influence  the  changes  in  the  level  of 
blood  pressure  due  to  the  vagus  system. 

II.  Relation  of  the  adrenal  glands  to  the  rise  of  pressure 
DURING  cerebral  ANEMIA.    The  extensive  involvement  of  the  splanch- 
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nic  system  in  the  anemic  response  makes  the  activity,  or  some  pro- 
duct of  the  activity,  of  the  adrenal  glands  of  considerable  significance 
for  the  problem  of  its  control.  Following  the  discovery  by  Oliver  and 
Schafer  (68)  of  the  pressor  action  of  injected  extract  of  adrenal  tissue, 
workers  have  tended  to  emphasize  the  close  physiological  relation  of 
the  glands  and  their  pressor  activity  to  the  splanchnic  system.  The 
literature  is  extensive  (69),  (70),  (71),  (72),  (73),  (74),  (75),  but  it  will 
not  be  reviewed  at  this  time.  Nor  will  the  literature  on  the  liberation 
of  adrenaUn  (75  to  90)  be  considered  here.  The  evidence  for  the  parti- 
cipation of  adrenalin  in  the  response  to  asphyxia  and  other  conditions 
of  stress  is  also  extensive  (91  to  98),  but  its  consideration  will  be  left 
for  a  later  paper.  The  relation  of  the  contour  of  the  tjrpical  curve 
obtained  on  electrical  stimulation  of  the  splanchnic  nerves  to  the  ad- 
renals, and  also  to  the  cardiac  mechanism,  has  been  dealt  with  by 
several  authors  (104),' (105),  (106),  (107).  A  further  analysis  of  this 
contour  is  also  postponed. 

Effect  of  repeated  occlusion  an  intact  cats,  Elliott's  assumption  (75) 
that  adrenaUn  is  consiuned  under  conditions  of  stress  makes  it  con- 
ceivable that  the  rapid  repetition  of  so  radical  a  procedure  as  arterial 
occlusion  could  influence  the  amount  of  circulating  adrenalin.  Since 
the  relation  of  adrenalin  to  the  myo-neural.  junction  has  been  experi- 
mentally demonstrated.  Professor  Pike  has  suggested  that,  physiolo- 
gically, it  may  be  associated  with  the  process  of  conduction  from  sym- 
pathetic nerve  fiber  to  smooth  muscle,  and  directly  or  indirectly  with 
the  processes  of  excitation  in  smooth  muscle.  The  work  of  Keith  Lucas 
would  suggest  such  a  possibiUty  (108).  Accordingly,  such  an  increase 
of  activity  of  sjonpathetic  nerve  and  smooth  muscle  as  accompanies 
cerebral  anemia  should  lead  to  a  more  rapid  consumption  of  adrenalin. 
This  conclusion  follows  from  Elliott's  hypothesis  of  the  consmnption 
of  adrenalin.  The  procedure  of  repeated  occlusion  has  accordingly 
been  attempted  first  in  intact  animals  in  order  to  reach  a  control  condi- 
tion of  maximal  exhaustion  of  circulating  adrenahn,  and  then  in  animals 
in  which  the  adrenal  glands  had  been  permanently  Ugated. 

The  great  resistance  of  the  animals  to  repeated  occlusion  has  been 
frequently  demonstrated  in  the  experimental  material  already  given. 
Numerous  other  evidences  of  the  relative  indefatigabiUty  of  vasomotor 
responses  are  found  in  the  literature.  Notable  here  are  the  analogous 
experimental  conditions  in  the  work  of  Gushing  (99),  who  found  that 
the  process  of  raising  the  blood  pressure  by  increasing  the  intracranial 
tension,  and  thus  also  inducing  a  partial  anemia,  could  be  repeated 
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indefinitely.  The  difficulty  of  inducing  fatigue  of  the  central  vasomotor 
cells  under  normal  conditions  has  been  discussed  in  various  connections 
by  W.  T,  Porter  (100).  (101). 

The  exporiments  already  described  in  this  series  on  repetition  of 
occlusion  have  been  complicated  by  the  infliction  of  lesions  in  the 
splanchnic  sjrstem  so  that  the  actual  ability  of  the  animals  to  with- 
stand repeated  occlusions,  and  the  effect  of  this  procedure  on  the  anemic 
response,  was  not  clear.  Furthermore,  not  more  than  six  or  eight  suc- 
cessive occlusions  at  most  were  obtained.  Accordingly,  in  five  cats 
the  effects  of  repeated  occlusion  were  tested.  Occlusion  was  done  and 
when  the  final  spontaneous  fall  of  pressure  occurred,  the  clamps  were 
promptly  released  and  recovery  awaited.  The  corneal  reflex  was  used 
as  before  as  an  index  of  returned  bulbar  activity.  With  its  elidtation 
clamps  were  again  adjusted  on  the  head  arteries,  and  this  process 
repeated  several  times. 

If  the  occlusion  period  was  not  too  long  maintained  in  any  one  clos- 
ure, it  was  possible  to  repeat  the  procedure  practically  indefinitely. 
In  the  three  most  striking  experiments,  cats  45,  46  and  48,  the  experi- 
ments had  to  be  halted  arbitrarily  because  of  extraneous  reasons,  the 
time  consumed  being  too  long.  Cat  45  yielded  18  successive  occlu- 
sions (fig.  4);  cat  46,  13  successive  occlusions;  cat  49,  11  successive 
occlusions.  These  experiments  lasted  over  3  hours  in  addition  to  the 
time  necessary  for  tiiie  preliminary  operative  manipulations  which 
always  consumed  over  half  an  hour.  Cat  46  was  intact,  cat  45  had 
suffered  double  vagotomy,  and  in  cat  48,  (fig.  5A)  both  stellate  ganglia 
had  been  removed.  No  marked  difference  in  the  behavior  6i  these 
cats  under  the  test  could  be  noted.  In  fact,  the  cats  showed  a  remark- 
able constancy  in  behavior.  The  characteristic  occlusion  time — 2 
to  4  minutes — ^in  each  individual  was  retained  with  considerable  uni- 
formity throughout  each  series.  Furthermore,  the  time  needed  for 
recovery  of  the  bulbar  functions  after  release  of  the  arteries  was  almost 
uniform  for  each  cat  examined.  The  recovery  time  which,  on  the  whole, 
may  be  said  to  vary  directly  with  thfe  occlusion  time,  did  not  in  all 
cases  follow  this  relation.  Cat  46,  which  gave  a  constant  occlusion 
time  of  2  minutes  usually  showed  a  recovery  of  a  corneal  reflex 
within  7  minutes  subsequently.  Cat  45,  however,  (vagotomized) 
invariably  showed  a  20-minute  interval  between  occlusions.  In  this 
interval  a  well-marked  recovery  of  blood  pressure  was  noticeable  and, 
with  the  return  of  respiration,  blood  pressure  rose  at  least  from  60  to 
80  mm.  above  the  level  after  occlusion,  before  a  corneal  reflex  was 
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obtained.  The  average  level  between  occlusions  was  relatively  high, 
pressure  seldom  falling  below  60  mm.  Hg. 

The  first  four  or  five  occlusions  obtained  differed  in  no  very  striking 
detail  from  control  occlusions.  The  main  change  from  the  type  of 
these  earUer  occlusions  appeared  gradually.  This  was  a  slight  delay 
in  the  appearance  of  the  first  rise  in  pressure  and  a  gradual  increase  in 
the  magnitude  of  this  first  effect.  The  fall  of  pressure  from  this  first 
level  also  became  more  pronounced;  pressure  dropped  to  increasingly 
lower  levels  at  this  time  on  successive  occlusions.  By  the  time  of  the 
seventh  or  ninth  occlusion  the  emphasis  on  this  first  part  of  the  curve 
became  so  well  marked  that  the  entire  response  appeared  more  as  two 
separate  curves  rather  than  one,  the  two  summits  in  the  tracing  being 
very  symmetrically  distributed  both  in  time  and  space.  The  fall  of 
pressure  following  the  initial  rise  was  so  great  in  some  of  the  animals 
as  to  approach  'the  base  line  very  closely,  dropping  to  a  level  of  only 
10  to  20  mm.  Hg. 

The  characteristic  new  contour  of  the  rise,  once  established,  is  re- 
tained in  all  subsequent  tracings  in  the  same  animal  with  great  uni- 
formity (fig.  5B).  The  latter  part  of  the  series  of  occlusion  records 
accordingly  shows  this  new  type  of  anemic  rise.  The  marked  drop  in 
the  double  curve  is  quite  different  from  the  dip  due  to  vagus  action 
seen  in  the  ordinary  control  pressure  curve  of  anemia.  It  comes  much 
later  (fig.  4);  it  is  also  decidedly  more  abrupt  and  greater.  In  fact, 
it  seems  much  more  like  an  actual  collapse  of  blood  pressure.  It  appears 
uncomplicated  by  slowing  of  the  heart.  The  very  definite  time  rela- 
tions established  in  these  dissociated  curves  are  striking.  Indeed,  the 
supplementary  rise,  once  it  has  become  separated  from  the  initial  rise 
by  the  marked  temporary  collapse  of  blood  pressure,  is  recorded  at 
exactly  the  same  point  in  all  later  occlusions  obtained  in  a  given  animal. 
This  time  closely  approximates  half  of  the  occlusion  time  of  the  animal 
in  which  it  appears,  namely,  at  1  minute  in  cats  of  2-minute  occlusions, 
and  so  forth.  A  decrease  of  the  anemic  increment  was  obtained  in  the 
course  of  the  repetitions.  Rises  of  80  to  100  mm.  gradually  replaced 
the  original  increment  of  120  to  140  mm. 

One  further  observation  on  these  cats  is  worth  noting.  Post-mor- 
tem examination  showed  that  the  blood  of  these  animals  failed  to  clot 
readily.  It  frequently  flowed  freely  from  the  carotid  artery  when  the 
cannula  was  removed.  In  a  prolonged  dissection  in  one  animal,  the 
blood  flowed  freely  from  every  rupture  of  a  large  vessel,  even  as  late 
as  one  hour  after  death. 
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Efed  of  repeated  ocdusiana  in  cats  deprived  of  adrenal  glands.  The 
procedure  of  repeated  occlusion  in  the  same  animal  was  undertaken  in 
a  final  series  (six  cats)  in  which  both  adrenal  glands  were  Ugated.  In 
each  of  these  animals  one  control  occlusion  was  made,  then  by  means 
of  dissection  through  the  latissimus  dorsi  (double  incision  from  the 
back)  the  adrenals  were  isolated  and  secured  by  ligatures.  No  signifi- 
cant fall  of  pressure  was  obtained  immediately  on  ligation  of  the  ad- 
renals, thus  confirming  the  observation  of  Hoskins  and  McClure  (102) 
and  Young  and  Lehman  (103).    Following  this,  the  procedure  was 


Fig.  5  A:  Control  curve  of  3  minute  occlusion.  Ligation  of  the  head  arteries 
in  the  intact  and  fresh  animal.  Initial  rise  is  followed  by  a  depression  level 
coming  together  with  a  slowing  of  the  heart.  High  level  of  pressure  maintained 
throughout  the  response. 

B.  Gat 48:  Repeated  cerebral  anemia;  stellate  ganglia  excised;  14th  successive 
occlusion.  Dissociation  of  two  peaks  very  well  marked.  Level  of  pressure 
between  occlusions  extremely  low  (20  mm.  Hg.  above  base  line). 

C.  Cat  53:  Repeated  cerebral  anemia;  adrenal  glands  ligated;  7th  successive 
occlusion,  obtained  just  before  collapse.  Drum  revolving  at  same  rate  as  above. 
Time  of  this  reaction,  2  minutes.  Control  reaction  in  this  animal,  when  fresh 
and  intact  had  occupied  3)  minutes.  Abruptness  of  initial  rise  and  final  fall 
characteristic  of  records  after  ligation  of  the  adrenals. 
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identical  to  that  in  intact  animals:  ether  was  reduced,  a  corneal  reflex 
elicited,  and  successive  occlusion  of  the  arteries  done  as  soon  as  recovery 
from  the  last  preceding  occlusion  had  occurred.  The  cats  differed 
somewhat  in  the  rapidity  with  which  the  effect  of  the  ligation  of  the 
adrenals  appeared  in  the  anemic  blood  pressiu-e  curve.  In  two 
cats,  52  and  56,  the  first  occlusion  following  ligation  showed  little 
difference,  and  certainly  no  curtaihnent  when  compared  with  the 
control  curve.  In  cat  52  the  level  of  maximal  pressure  was  maintained 
2  full  minutes  longer  than  in  the  control.  However,  in  the  other  four 
cats,  the  curves  obtained  following  ligation  of  the  glands  immediately 
presented  a  marked  contrast  as  compared  with  the  normal  occlusion 
and  with  the  records  obtained  under  repeated  occlusion  in  the  control 
series  of  intact  animals.  The  characteristic  feature  of  this  change 
appeared  at  once  and  was  retained  until  failure  of  the  animal.  This 
was  an  absolute  halving  of  the  occlusion  time,  and  the  retention,  either 
of  a  reduced  double  curve,  or  of  a  single  vigorous  rise.  In  the  two  cats, 
52  and  56  already  referred  to,  this  same  reduction  appealed  somewhat 
later  in  the  record.  The  occlusion  time  was  not  halved  in  cat  52  until 
the  fifth  occlusion  following  ligation  of  the  glands;  in  cat  56,  not  until 
the  fourth  occlusion.  In  both  these  cats  there  also  remained  a  dis- 
tinct double  rise  in  the  pressure  curve,  which  was  not  observable  in 
the  curves  from  the  other  animals.  Autopsy  showed  no  difference 
in  the  completeness  of  the  ligation  in  these  two  animals. 

In  the  cats  in  which  the  adrenals  had  been  ligated  the  complete  in- 
ability to  restore  the  bulbar  functions  had  to  be  faced  in  all  cases  before 
nine  successive  occlusions  had  been  made.  There  were  no  exceptions 
to  this  early  complete  collapse  in  any  of  the  cats  observed.  Two  cats, 
54  and  52  already  mentioned,  gave  eight  successive  occlusions  after 
ligation  of  the  glands.  Cat  53  gave  seven;  (fig.  5  C)  cat  57,  five;  cat 
66,  otherwise  so  resistant  to  a  change  in  its  long  occlusion  periods  and 
retention  of  normal  contour,  succumbed  after  only  four  occlusions. 
Only  one  occlusion  was  obtained  from  cat  55.  Figured  in  hours  of 
survival  under  this  procedure,  this  meant  a  maximal  survival  of  2i 
hours,  a  minimal  survival  of  15  minutes.  However,  only  two  cats  of 
the  series  failed  within  an  hour  of  the  ligation  of  the  glands  under  suc- 
cessive occlusions.    The  average  survival  time  was  1^  hours. 

Very  few  indications  of  the  approaching  collapse  appeared  in  the 
record,  the  only  index  being  perhaps  the  very  low  level  of  blood  pres- 
sure between  any  two  successive  occlusions.  This  low  level  was  estab- 
lished in  all  cases  inmiediately  after  the  spontaneous  fall  of  pressure 
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closing  the  first  occlusion  that  followed  ligation  of  the  adrenals.  At 
this  time  pressure  fell  to  30  or  40  mm.  Hg. — a  level  20  to  30  mm.  lower 
than  in  the  intact  animals  at  a  corresponding  time.  In  spite  of  the 
subsequent  return  of  respiration  and  other  bulbar  activities,  the  pres- 
sure remained  uniformly  low.  A  return  of  the  corneal  reflex  was  ob- 
tained even  at  this  reduced  level.  The  level  of  blood  pressure  main- 
tained between  successive  occlusions  varied  somewhat.  On  comparing 
the  amount  of  recovery  of  blood  pressure  in  a  given  animal  after  occlu- 
sion, and  the  number  of  occlusions  obtainable,  it  was  found  that,  at 
least  in  the  extreme  cases,  a  direct  variation  could  be  noted.  The  two 
very  vigorous  animals  which  gave  eight  reactions  after  ligation  of  the 
glands,  cats  52  and  54,  showed  a  recovery  of  pressure  of  40  to  50  mm. 
during  the  period  following  release  of  the  head  arteries;  whereas  cats 
55  (one  occlusion)  and  57  (five  occlusions)  never  regained  more  than 
10  mm.  at  the  time  of  the  return  of  respiration.  Cats  53  (seven  occlu- 
sions) and  56  (four  occlusions)  occupied  a  rather  intermediate  position, 
never  showing  an  increase  of  more  than  20  mm.  pressure  during 
recovery  of  bulbar  function. 

No  change  in  the  time  needed  for  the  return  of  medullary  activity,  as 
determined  by  the  return  of  respiration  and  ocular  reflexes,  was  noted 
in  these  animals.  As  in  the  control  series  of  repeated  occlusion  io 
intact  animals,  this  was  not  different  after  ligation  of  the  adrenals  from 
that  obtained  in  the  fresh  animal.  Periods  of  recovery  of  from  10  to 
20  minutes  were  recorded,  being  fairly  constant  for  the  given  individual. 

No  significant  decrease  in  the  anemic  increment  was  observed,  in 
cats  53  (seven  occlusions)  and  57  (five  occlusions)  where  increments  of 
120  to  140  mm.  were  obtained  just  prior  to  failure.  These  were  oddly 
enough  the  smooth  curves  recorded  imder  early  collapse.  A  much 
more  pronounced  decrease  in  the  anemic  increment  was  shown  in  the 
other  animals  in  which  more  occlusions  were  obtained;  in  cat  52, 
(eight  occlusions)  the  last  occlusion  recorded  showed  an  increment  of 
only  65  mm. 

The  contour  of  the  curves  obtained  is  of  considerable  interest.  Cats 
53  and  56  immediately  showed  a  single  rise  occupying  about  half  the 
original  occlusion  time  (fig.  6),  and  this  was  a  smooth  unbroken  curve. 
Though  the  reduction  in  time  was  just  as  manifest  in  all  the  other  cats, 
the  obUteration  of  the  double  nature  of  the  curve  was  not  so  clearly 
marked.  In  these  cats  the  characteristic  contour  of  the  anemic  rise 
as  seen  in  the  fresh  animal,  merged  gradually  into  the  smooth  curtailed 
curve  following  adrenal  ligation.    The  changes  most  evident  were  the 
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greater  abruptness  of  the  initial  rise  while  the  depression  of  level  due 
to  vagus  activity  was  apt  to  be  increasingly  delayed  and  tended  to 
appear  on  the  crest[of  the  wave,  somewhat  similar  to  the  effect  described 
after  section  of  the  accelerators.  The  precipitous  fall  which  occurs  in 
these  animals  with  ligated  adrenals  just  about  half  as  late  as  in  intact 
cats  then  appears  as  soon  as  the  point  of  maximal  pressure  is  gained, 
namely,  immediately  after  cessation  of  the  vagus  depression. 


Fig.  6.  Cerebral  anemia  following  ligation  of  the  adrenals.  Cat.  53.  Arterial 
occlusion  immediately  following  tying  off  of  the  glands.  Occlusion  time,  U 
minutes.    Time  of  control  occlusion  obtained  from  this  aninial,  3  minutes. 

Effect  of  the  adrenal  glands  on  the  anemic  rise.  The  marked  shorten- 
ing of  the  anemic  response  eventually  obtained  in  all  the  animals  in 
which  the  adrenal  glands  had  been  ligated  seems  to  isolate  a  further 
factor  concerned  in  the  production  of  the  anemic  rise.  Apparently  the 
great  influence  which  the  splanchnic  system  is  able  to  exert  on  the  level 
of  blood  pressure  under  the  critical  conditions  of  anemia,  is  due  in  part 
to  the  adjuvant  activity  of  the  adrenal  glands.  These  experiments, 
therefore,  bear  on  the  discussion  of  the  emergency  relation  of  the  glands, 
since  apparently  some  involvement  of  the  glands  or  some  product  of 
their  activity  must  be  conceded  imder  the  extreme  condition  of  cere- 
bral anemia.  Furthermore,  some  clue  as  to  the  nature  of  the  activity 
of  the  adrenals  is  given  by  inspection  of  the  curves  obtained. 

Loss  of  pressure.  There  has  been  noted  a  close  parallelism  between 
the  later  curves  obtained  from  all  animals  suffering  repeated  occlusion, 
whether  intact  or  deprived  of  adrenals.    A  failure  of  blood  pressure 
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(temporary  or  permanent)  is  recorded  under  both  conditions  within 
half  the  time  normally  occupied  by  the  blood  vascular  response.  When 
the  animal  is  intact,  this  drop  of  pressure  occurs  in  the  seventh  or 
eighth  occlusion  and  in  all  subsequent  curves  of  a  given  series.  When 
the  adrenals  are  ligated,  it  may  be  estabUshed  immediately,  although 
this  is  not  necessarily  the  case.  Under  these  conditions  the  halving 
of  the  response  is  recorded  before  four  successive  occlusions  have  been 
inflicted  and  is  found  in  all  occlusions  which  follow  in  these  animals. 
This  precocious  loss  of  level  in  blood  pressure  can  therefore  be  obtained 
either  when  the  animal  has  been  exposed  to  rapidly  repeated  cerebral 
anemia,  or  when  the  activity  of  the  adrenal  glands  is  completely  abol- 
ished. Accordingly,  the  main  factor  in  the  production  of  this  early 
failure  .of  pressure  seems  concerned  in  all  cases  with  the  availability 
in  the  blood  stream  of  some  product  of  adrenal  activity. 

Restordtion  of  level  of  blood  pressure.  An  examination  of  the  supple- 
mentary rise  of  blood  pressure  in  the  repeatedly  occluded  but  intact 
cats  in  comparison  with  the  permanent  failure  of  pressure  at  half  the 
normal  occlusion  time  when  the  adrenals  are  ligated,  leads  to  a  consid- 
eration of  the  theories  of  emergency  function  of  the  adrenals.  This 
secondary  rise  is  most  probably  related  to  the  presence  of  fimctional 
adrenals. 

The  secondary  rise  was  interpreted  in  a  preliminary  report  of  these 
experiments  as  an  indication  of  an  increased  liberation  of  adrenaUn 
from  the  glands,  and  the  constant  interval  prior  to  its  appearance,  as  a 
latent  period,  relatively  long,  of  adrenal  secretion.  The  argument  was 
advanced  that  these  experiments  offered  evidence  confirming  Cannon's 
position  on  the  increased  secretion  of  adrenalin  under  emergency  condi- 
tions. However,  in  view  of  the  presumable  consumption  of  the  pro- 
ducts of  adrenal  activity  during  cerebral  anemia  already  discussed,  the 
conception  of  the  emergency  Uberation  of  adrenalin  must  be  somewhat 
modified.  The  further  discussion  of  any  of  the  ciurrent  hypotheses  of 
the  Uberation  of  adrenaUn  must  be  deferred  until  further  experimental 
evidence  has  been  accumulated.  Two  definite  statements,  however, 
appear  justified  by  the  facts.  In  the  first  place,  since  curves  of  per- 
fectly normal  contour  were  obtainable  in  two  animals  after  Ugation  of 
the  adrenals,  an  increased  liberation  or  secretion  of  adrenaUn,  one  or 
both,  is  not  necessary  for  the  carrying  out  of  the  typical  blood  vascular 
response  to  anemia  in  the  fresh  animal. 

That  these  results  were  due  to  experimental  error  can  hardly  be  pos- 
sible since  there  was  seen  in  these  animals  a  gradual  and  relatively  slow 
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transition  of  the  nomxal  curve  into  the  abbreviated  response  typical 
for  animals  with  ligated  adrenals.  Such  a  gradual  transition  is  also 
found  in  the  intact  repeatedly  occluded  animals.  In  the  second  place, 
from  the  premature  failure  of  the  vascular  response,  after  the  ligation 
of  the  adrenals,  particularly  in  contrast  to  the  secondary  rise  that  is 
seen  in  the  intact  repeatedly  occluded  animals,  the  conclusion  may  be 
drawn  that  some  product  of  adrenal  activity  must  be  available  to  make 
possible  the  continued  action  of  S3rmpathetic  nerve  on  smooth  muscle 
for  any  length  of  time. 

Survival  after  adrenal  ligation.  In  all  the  work  reported  on  excision 
of  the  adrenal  glands,  sudden  death  has  never  been  noted.  However, 
when  all  adrenal  tissue  is  excised,  collapse  and  death  follow,  the  inter- 
val of  life  varying  in  different  animals.  The  earlier  work  on  cats  has 
been  reviewed  by  Hultgren  and  Anderson  (109),  who  particularly 
described  the  prelethal  stage.  Elliott  (73)  recorded  the  failure  of  blood 
pressure  in  addition  to  the  loss  of  the  pressor  reaction  in  the  moribund 
cat,  and  in  a  later  paper  he  has  sunmiarized  a  series  of  tests  given  in 
these  conditions,  demonstrating  a  complete  collapse  of  vascular  tone. 
Gautrelet  and  Thomas,  (110)  later  Hoskins,  (111)  have  confirmed  the 
depression  of  the  sympathetic  system  on  final  collapse.  Elliott  records 
death  with  simultaneous  extirpation  under  ether  after  14  to  18  hours. 
Bazett  (112)  has  recently  succeeded  in  shortening  this  time  consider- 
ably by  decerebration,  urethane  anesthesia  and  sensory  stimulation. 
In  these  animals  the  fall  of  blood  pressure  occurred  within  a  few  hours 
after  the  operation.  Elliott  (98),  moreover,  finds  that  the  animal  sur- 
vives even  if  the  adrenal  tissue  is  separated  from  the  splanchnics.  He 
concludes  therefore  that,  whereas  the  increase  of  adrenaUn  in  the  blood 
stream  under  splanchnic  stimulation  is  not -necessary  to  life,  the  animal 
depends  for  its  existence  on  the  continual  slow  secretion  of  adrenalin 
from  the  medullary  cells.  Elliott  argues  that  this  continual  slow 
secretion  is  independent  of  nervous  impulses.  Stewart  and  Rogoff 
(113),  (114),  however,  are  unable  to  demonstrate  any  appreciable 
adrenalin  output  under  these  conditions. 

It  seems  that  the  repetition  of  the  extreme  procedure  of  occlusion  is 
hasten  the  onset  of  complete  failure  most  surprisingly.  In  the 
e  conditions  of  these  experiments  Bazett's  (97)  already  curtailed 
•  survival  after  ligation  of  the  adrenals  is  thus  further  shortened 
r  8  hours.  The  only  demonstrable  factor  in  the  failure  under 
onditions  is  the  inability  of  the  sympathetic  nervous  mechanism 
ntain  the  normal  state  of  the  musculature  of  the  blood  vessels 
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after  complete  exhaustion  of  the  reserve  of  adrenalin  in  the  blood. 
The  necessity  for  the  presence  of  adrenalin  or  of  some  other  product  of 
adrenal  activity  in  the  blood  for  the  maintenance  of  vasomotor  tone,  as 
asserted  by  Elliott,  seems  again  confirmed.  The  failure  of  blood  pres- 
sure alone  seems  able  to  carry  with  it  the  failure  of  all  the  other  functions. 

From  the  evidence,  the  relative  degree  of  constriction  of  the  vessel 
walls  seems,  to  a  considerable  extent,  a  function  of  the  amount  of  some 
adrenal  product  in  the  circulation.  The  loss  of  this  product  seems  to 
mean  complete  failure;  blood  pressure  stays  only  a  few  millimeters  above 
base  line  when  the  available  supply  is  low,  but  an  increased  liberation, 
or  possibly  even  a  redistribution,  may  give  any  degree  of  tonic  contrac- 
tion of  the  vascular  muscles,  reaching  to  maximmn  constriction,  the 
entire  reaction  perhaps  depending  on  conditions  at  the  myo-neural 
junction. 

III.  Relation  of  the  splanchnic  sympathetic  system  to  the 
CENTRAL  NERVOUS  SYSTEM.  The  Central  relations  of  the  sympathetic 
system  have  been  tenaciously  disputed,  and  cannot  be  entered  into  at 
length.  On  the  one  hand,  there  has  been  the  view  defending  its  rela^ 
tive  independence  from  the  cerebro-spinal  axis,  originally  advanced  by 
Bichat  (115),  and  supported  extensively  by  Volkmann  (116).  Golta 
in  his  latest  work  with  Ewald  (117)  subscribed  to  this  view,  in  his  asser- 
tion that  the  sympathetic  peripheral  gangUa  could  maintain  normal 
vascular  tone,  and  mediate  reflexes  quite  independently  of  the  central 
nervous  system. 

However,  the  theory  that  the  nervous  outflow  is  essentially  dependent 
for  its  activity  on  cells  of  central,  and  particularly  bulbar  origin,  has 
always  enrolled  some  powerful  supporters.  Two  of  Goltz's  contempo- 
raries, Eckhard  (118)  and  Mayer  (119)  have  defended  this  conception. 
Recently  Gaskell  (120)  and  Sherrington  (121)  and  still  later  Ranson, 
(122),  also  endorsed  it. 

Two  points  in  the  evidence  on  cerebral  anemia  will  briefly  cover  the 
relation  of  the  medullary  cells  to  the  peripheral  response.  First,  the 
comparison  of  the  splanchnic  response  with  the  other  peripheral  re- 
sponses, and  particularly  the  skeletal  responses  as  controlled  by  the 
medullary  or  higher  cells,  under  the  different  functional  conditions  of 
the  nervous  levels  in  these  experiments;  second,  the  behavior  of  the  blood 
pressure  responses  under  recovery  from  various  spinal  lesions. 

Comparison  of  splanchnic  response  with  other  peripheral  responses. 
The  following  table  gives  the  various  stages  which  can  be  distinctly 
separated  when  different  functional  levels  control  the  animal's  reac-^ 
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tion.  The  rough  average  of  the  level  of  blood  pressure  maintamed  is 
given  for  each  period.  The  exact  correspondence  of  the  involvement 
of  the  splanchnic  system  and  the  degree  of  functional  activity  within 
the  medullary  centers  is  indeed  striking,  especially  in  view  of  the  po- 
tency of  the  splanchnic  system  in  maintaining  blood  pressure.  It 
appears  from  this  tabulation  that  the  splanchnic  system  behaves  ex- 
actly as  do  the  respiratory,  skeletal  and  ocular  responses.  When  the 
skeletal  responses  dependent  on  the  higher  levels  are  in  abeyance,  the 
vasomotor  responses  of  the  splanchnic  system  are  also  absent.  At 
this  time,  moreover,  that  is,  during  the  depression  between  occlusions, 
the  heart  rate  shows  no  appreciable  change.  The  level  of  blood  pres- 
sure maintained  is  that  shown  by  Couty  (16),  Mayer  (14),  Pike  (26) 
and  Langley  (27)  to  be  that  held  as  long  as  the  spinal  cord  itself  remains 
intact.  Additional  evidence  that  the  depression  of  functional  activity 
is  due  to  a  complete  interruption  of  conduction  in  the  spinal  cord,  and 
not  to  so-called  spinal  shock,  is  brought  out  by  the  behavior  of  the 
animal  in  passing  through  these  various  stages.  The  bearing  of  the 
vaUdity  of  the  shock  hypothesis  for  any  conception  of  the  functional 
organization  of  the  nervous  system  has  been  discussed  by  Pike  (123).  A 
shorter  statement  of  this  relation  is  found  in  Yates's  paper  (36). 

Comparison  of  somatic  and  ocular  responses  with  vascular  responses 

Control  of  the  animal' t  responses  by  various  nervous  levels  Average  level  of  blood  pressure 

1.  Normal  intact  animal:  responds  as  a  whole,  pupils 

narrow,  corneal  reflex,  respiration  normal 120  mm. 

2.  Head    subjected     to    anemia:  struggles — responses 

under  control  of  stimulated  area  (head)  skeletal 

convulsions,  respiratory  spasms,  corneal  reflex  lost.        180-200  mm. 

3.  Head  functionally  dead, — animal  spinal: — responses 

imder  control  of  spinal  cord  oiily  no  corneal  reflex, 
pupils  widely  dilated.  No  spontaneous  respira- 
tion.   No  skeletal  reflexes  elicitable 50-70  mm. 

4.  Recovery  of  head  centers :  gradual  return  of  responses 

controlled  by  head  area,  pupils  narrowing — no  cor- 
neal reflex — spontaneous  respiration  returns  after 
pressure  has  risen  somewhat,  but  still  sporadic. 
Skeletal  reflexes  elicitable  in  part 70-90  mm. 

5.  Recovery  completed;  animal  responds  as  a  whole. 

Pupils  narrow,  corneal  reflex,  respiration  reestab- 
lished; functions  coordinately,  skeletal  reflexes 
present 120  mm. 

When  a  significant  lesion  in  the  splanchnic  system  has  been  inflicted 
by  the  section  of  these  nerves  just  before  entrance  into  the  coeUac 
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ganglion  and  the  cerebral  circulation  shut  off,  no  anemic  increment  is 
obtainable.  However,  all  other  evidences  of  bulbar  activity  are  present. 
A  vigorous  corneal  reflex  is  obtained  prior  to  occlusion,  and  when  the 
clamps  are  adjusted,  even  though  the  level  of  pressure  may  remain  more 
undisturbed  than  that  obtained  under  many  minor  manipulations,  the 
other  S3rmptoins  of  the  asphyxial  response  are  shown  in  full  vigor. 
There  are  marked  respiratory  spasms,  skeletal  convulsions,  changes  in 
the  pupils,  etc. 

In  marked  contrast  to  such  a  picture  are  the  effects  when,  from  some 
ph3rsiol(^cal  disturbance,  the  medulla  itself  is  thrown  out  of  activity. 
Here  the  effects  of  the  interruption  of  functional  continuity  are  opposed 
to  the  effect  of  anatomical  separation.  Such  a  condition  is  present 
while  the  animal  is  still  profoundly  under  the  effect  of  an  occlusion  that 
has  just  been  done,  or  even  during  recovery  from  occlusion,  when  the 
functions  of  the  brain  stem  are  not  yet  fully  established.  If,  under  such 
conditions,  the  animal  is  subjected  to  a  renewed  occlusion,  no  response 
at  all  can  be  aroused.  Generalized  asphyxia,  inflicted  by  clamping  the 
trachea  and  thus  acting  directly  at  the  periphery  is,  in  this  condition, 
also  impotent  to  produce  any  effect.  Under  this  general  depression 
there  are  no  skeletal  convulsions,  no  respiratory  gasps,  and  pressure 
changes  are  extremely  slight,  5  or  10  mm.  The  heart  just  quietly  runs 
down.    The  condition  of  the  eyes  remains  unchanged  throughout. 

All  the  evidence  of  these  experiments  therefore  would  argue  not  only 
for  a  normal  release  of  the  rise  of  blood  pressure  through  the  S3rmpathetiG 
outflow,  but  also  for  a  complete  dependence  of  the  activation  of  the 
response  on  the  integrity  of  the  brain  stem,  and  the  maintenance  of  the 
conditions  of  conductivity  within  it.  The  response  transmitted  by  the 
sympathetic  system  is  functionally  exactly  on  a  par  with  all  the  other 
physiological  responses.  When  respiratory  movements,  eye  move- 
ments and  skeletal  reflexes  are  obtainable,  the  changes  of  blood  pressure 
can  also  be  eUcited. 

The  anatomical  relations  of  the  splanchnic  outflow  in  its  hearing  on 
recovery  after  section  of  the  spinal  cord.  The  complete  dependence  on 
the  brain  rather  than  on  the  spinal  cord  is  well  illustrated  by  experi- 
ments on  recovery  of  blood  pressure  from  high  section  of  the  spinal 
cord.  Goltz,  (17),  (18)  and  later  Goltz  and  Ewald  (117)  sectioned  the 
cord  of  dogs  in  the  midthoracic  region  and  found  normal  blood  pres- 
sure responses  to  subsist.  These  were  attributed  entirely  to  the  con- 
trolling influence  of  the  cord  over  the  sympathetic  system.  These 
experiments  have  been  repeated  by  later  investigators,  notably  Sher- 
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rington  (121),  (124).  In  view  of  the  very  high  level  of  the  cord  in  which 
a  lesion  must  fall  before  it  can  definitely  intercept  the  connections 
between  the  medulla  and  the  splanchnic  effectors,  there  is  a  possibility 
that  the  agency  concerned  in  this  recovery  is  none  other  than  the 
splanchnic  constrictors  still  in  functional  continuity  with  the  brain  stem. 

Four  early  experiments  were  carried  out  with  Doctor  Pike's  coopera- 
tion in  which  a  transection  in  the  upper  levels  of  the  spinal  cord  was 
done  aseptically,  the  animal  allowed  to  recover  and  then  the  anemic 
response  tested.  In  two  cats  the  transection  was  done  at  the  level  of 
the  2nd  thoracic.  One  animal  died  within  24  hours  before  the  blood 
pressure  could  be  tested;  the  other  lived  5  days  and  was  then  subjected 
to  the  test  of  occlusion.  Blood  pressure,  however,  was  very  low,  the 
bulbar  responses  failed  inmiediately  and  no  rise  was  elicitable.  Cat 
63,  however,  in  which  section  at  the  3rd  thoracic  was  made,  recovered 
fully  and  when  tested  a  week  later  showed  a  level  of  blood  pressure  of 
120  mm.  and  an  anemic  increment  of  50  mm.  in  the  first  occlusion. 
Cat  64  with  a  section  at  the  6th  thoracic  was  tested  2  days  later.  Con- 
trol level  of  blood  pressure  was  80  nmi.  The  anemic  increment  of  the 
first  occlusion  was  45  mm. 

This  problem  was  subsequently  taken  up  by  Miss  Yates  imder  Doc- 
tor Pike's  direction,  and  has  been  reported  on  in  detail  in  an  earlier 
issue  of  this  Journal.  Miss  Yates  (36.)  found  that  when  one  or  two 
segments  of  the  thoracic  region  only  are  left  intact  there  is  a  recovery 
of  blood  pressure  to  an  adequate  level,  and  vigorous  anemic  or  asphyx- 
ial  response  is  readily  ehcitable.  This  recovery  is  attributable  to  those 
medullary  cells  still  in  connection  with  the  peripheral  splanchnic 
neurones. 

It  was  on  the  evidence  of  Goltz's  experiments  that  Langley  appUed 
the  name  "autonomic"  to  those  peripheral  mechanisms  suppUed  by 
ganglionic  connection  outside  the  nervous  system  which  he  thought 
could  function  independently  of  the  brain.  The  physiological  evidence 
that  is  now  accumulating  would  gravely  discredit  this  autonomy,  and 
would  tend  to  place  the  sympathetic  responses  in  the  same  category  as 
all  others.  This  is  of  particular  importance  in  connection  with  the 
late  appearance  of  the  adrenal  effect  in  cerebral  occlusion,  even  after 
the  reflexes  are  no  longer  elicitable.  However  late  its  appearance,  and 
however  independent  of  any  parallel  nervous  activity,  this  effect  cer- 
tainly cannot  be  aroused  unless  the  splanchnic  fibers  themselves  have 
been  previously  stimulated.  When  the  splanchnic  fibers  are  no  longer 
excitable  because  of  an  anatomical  lesion  the  adrenal  effect  never 
appears. 
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This  relationship  is  of  particular  interest  with  respect  to  the  appear- 
ance of  Traube-Hering  waves.  These  have  been  noticed  by  all  ob- 
servers in  the  downward  course  of  the  final  fall  of  blood  pressure  in  the 
anemic  response.  Whether  nervous  centers  are  no  longer  excitable  to 
sensory  stimulation  and  whether  or  not  the  output  of  adrenalin  is  a 
factor  concerned,  remains  to  be  tested.  It  must,  however,  be  borne  in 
mind  that  such  a  condition  as  this  where  Traube-Hering  waves  have  been 
elicited,  is  preceded  by  an  intense  activity  of  the  splanchnic  outflow 
as  stimulated  by  the  medullary  cells. 

In  the  disturbance  of  the  internal  medium  which  the  excessive  con- 
centration of  carbon  dioxide  in  the  occluded  cerebral  vessels  brings 
with  it,  the  increased  rate  of  flow  is  carried  out  and  maintained  by  the 
vascular  musculature,  and  some  product  of  adrenal  activity  probably 
makes  possible  the  maintenance  of  the  increased  impetus  given  the 
blood  flow  through  such  a  prolonged  period  of  time.  However,  it  is 
only  by  virtue  of  the  neurones  within  the  central  nervous  system  that 
the  response  is  initiated,  that  it  is  regulated  by  changes  in  the  cardiac 
musculature,  and  finally  that  the  response  is  carried  out  as  an  integrated 
whole.  The  retention  of  a  constant  tension  of  carbon  dioxide  in  the 
blood  by  means  of  an  adaptive  blood  vascular  reaction,  is  therefore 
mediated  in  the  mammal  through  its  higher  central  nervous  organiza- 
tion, particularly  the  cells  within  the  medulla  oblongata. 

To  Prof.  F.  H.  Pike  the  writer  is  greatly  indebted  for  suggestions, 
advice  and  criticism,  extended  throughout  the  research. 

9 

CONCLUSIONS 

1.  The  nerves  of  the  heart  are  not  essential  either  for  the  activation 
or  for  the  persistence  of  the  characteristic  pressor  phenomena  of  the 
anemic  rise. 

2.  In  the  early  stages  of  cerebral  occlusion  the  cardiac  innervation 
functions  as  a  check  on  the  rapid  rise  of  blood  pressure.  In  this  modera- 
ting action,  accelerators  as  well  as  vagi  are  involved,  since  on  excision 
of  the  stellate  ganglia,  the  vagi  alone  are  unable  to  prevent  an  abrupt 
and  steep  rise  of  pressure. 

3.  The  activation  and  maintenance  of  the  vascular  response  under 
cerebral  occlusion  is  controlled  essentially  by  the  splanchnic  nerves. 

4.  Differential  section  in  various  regions  of  the  splanchnic  outflow 
influences  the  level  of  the  arterial  blood  pressure.  The  extent  to  which 
the  pressure  falls  on  section  is  an  approximate  index  of  the  degree  to 
which  the  anemic  rise  will  be  compromised  by  the  lesion. 
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5.  It  is  impossible  to  influence  the  vascular  response  to  anemia  by 
indiscriminate  sections  within  the  splanchnic  outflow.  In  order  defi- 
nitely to  abolish  the  response,  it  is  necessary  to  section  either  suffi- 
ciently far  out  in  the  periphery,  or  sufficiently  high  up  in  the  spinal  cord 
to  interrupt  completely  the  continuity  between  the  medulla  and  the 
coeliac  ganglion. 

6.  The  level  at  which  the  fibers  of  the  splanchnic  system  leave  the 
spinal  cord  varies  in  different  individuals.  The  greatest  number  of 
fibers  leave  the  cord  in  the  lower  thoracic,  especially  in  the  region  of  the 
6th  to  8th  thoracic.  However,  constrictor  fibers  to  the  splanchnic 
nerves  leave  the  cord  throughout  the  higher  levels  of  the  thoracic  cord. 
In  certain  individuals,  fibers  leaving  as  high  as  the  2nd  and  3rd  thor- 
acic will  maintain  an  appreciable  level  of  blood  pressure  and  activate 
a  significant  anemic  response. 

7.  Cerebral  occlusion,  carried  out  in  repeated  succession,  is  borne 
indefinitely  (as  many  as  18  times)  in  intact  animals.  The  occlusion 
time  is  in  no  way  curtailed  and  the  anemic  increment  of  blood  pressure 
only  sUghtly  diminished. 

8.  The  curve  of  the  anemic  rise  under  repeated  cerebral  occlusion 
becomes  dissociated  into  two  distinct  parts  after  eight  or  ten  successive 
occlusions  have  been  infficted. 

9.  The  long-continued  maintenance  of  blood  pressure  at  an  extremely 
high  level,  characteristic  of  the  anemic  rise,  is  no  longer  possible  after 
any  gross  interference  with  the  supply  of  some  product  of  adrenal 
activity.  • 

10.  An  increased  Uberation  of  adrenalin  under  extreme  splanchnic 
stimulation  cannot  be  demonstrated  as  necessary  for  the  characteristic 
contour  of  the  anemic  rise.  This  appears  dependent  on  the  amount  of 
circulating  adrenalin. 

11.  An  increased  availabiUty  of  some  product  of  adrenal  activity 
appears  demonstrable  in  intact  animals  imder  extreme  splanchnic  stimu- 
lation, after  eight  or  ten  successive  occlusions  have  been  infficted. 

12.  Survival  after  ligation  of  the  adrenal  glands  may  be  reduced  to 
1  or  2  hours,  when  the  animal  is  subjected  to  successive  repeated  cere- 
bral occlusions.  A  complete  failure  of  vasomotor  tone  seems  demon- 
strable in  these  animals. 

13.  The  response  of  the  splanchnic  nerves  is  dependent  for  its  release 
on  conditions  of  functional  activity  within  the  brain  stem. 

14.  The  vasomotor  responses  initiated  by  the  splanchnic  nerves  of 
the  sjnnpathetic  nervous  system  are  comparable  with  skeletal  responses 
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dependent  on  the  higher  nervous  levels,  in  respect  to  their  complete 
dependence  on  these  levels  of  the  central  nervous  axis. 
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Previous  studies  have  shown  that  the  isolated  duodenal  segment  of 
the  adult,  male,  unexcited  albino  rat  when  suspended  in  oxygenated 
Tyrode's  solution  at  body  temperature  contracts  when  small  amounts 
(0.1  to  0.4  cc.)  of  tenth  molecular  sodium  carbonate  solution  are  added 
to  the  surrounding  liquid  (1),  (2). 

Two  questions  that  naturally  arise  as  a  result  of  this  reaction  are: 
What  is  the  intestinal  mechanism  stimulated  by  the  sodium  carbonate? 
and — What  component  of,  or  condition  occasioned  by  the  addition  of 
sodium  carbonate  to,  the  surrounding  Tyrode's  solution  furnishes  the 
stimulus  to  contraction? 

In  a  previous  publication  it  has  been  shown  that  the  contraction  in 
question  results  from  a  stimulation  of  the  musculature  by  those  nerve 
elements  normally  concerned  in  contraction  (3).  This  neural  stimu- 
lation is  set  into  activity  by  one  or  more  of  the  components  of,  or  con- 
ditions occasioned  by  the  addition  of  the  sodium  carbonate  to,  the 
Tyrode's  solution  bathing  the  segment. 

This  addition  causes  an  increase  in  the  concentration  of  the  sodium 
ions  and  of  the  carbonate  ions.  There  is  also  an  increase  in  the  sodium- 
calcium  ratio  and  in  the  hydroxyl  ion  concentration.  We  will  consider 
the  first  three  of  these  possibilities  in  this  report  and  leave  the  last  for 
the  succeeding  paper. 

In  general  the  procedure  in  these  experiments  was  the  same  as  that 
already  described  (2),  (3). 

Now  if  the  shortening  of  the  segment  is  due  to  a  stimulation  due  to 
the  increase  in  the  sodium  ions,  the  addition  to  the  solution  of  an  amount 
of  these  ions  in  the  form  of  sodiiun  chloride  equivalent  to  the  amount 
of  sodium  ions  added  as  sodium  carbonate,  should  produce  the  same 
height  of  contraction  as  results  from  the  latter  stimulus. 

48 


Digitized  by 


Google 


DUODENAL  CONTRACTION  BY  SODIUM  CARBONATE  49 

If  the  contraction  following  the  sodium  carbonate  application  is  a 
result  of  an  increase  in  the  sodium-calcium  ratio,  there  is  no  reason  why 
the  equivalent  increase  of  this  ratio  should  not  produce  the  same  result 
as  when  the  ratio  is  increased  by  sodium  carbonate.  This  possibility 
is  to  be  considered  since  in  the  opinion  of  Loeb  (4)  changes  in  the  con- 
centrations of  antagonistic  ions  or  salts  are  the  means  by  which  stimu- 
lations are  brought  about,  and  this  opinion  is  supported  not  only  by 
his  own  studies  but  also  by  those  of  Osterhout  (5),  Lillie  (6),  Benda 
(7)  and  others. 

Since,  however,  the  addition  of  0.4  cc.  of  a  tenth  molecular  solution  of 
sodium  carbonate  to  the  4.0  cc.  of  Tyrode's  solution  occasionally  gives 
rise  to  a  perceptible  precipitation  of  calcium  salt,  the  use  of  that  salt  as 
a  standardizing  reagent  in  these  tests  is  obviously  inadvisable.  In- 
stead of  sodium  carbonate,  then,  we  have  used  sodium  bicarbonate  as 
the  standardizing  substance,  for  when  0.4  cc.  of  a  fifth  molecular  solu- 
tion of  this  compound  is  added  to  4.0  cc.  of  Tyrode's  solution  no  visible 
evidence  of  calcium  precipitation  occurs  during  the  test,  and  a  char- 
acteristic shortening  of  the  segment  is  obtained,  as  already  shown  by 
Young  (8). 

With  these  facts  in  mind  the  effect  of  0.4  cc.  of  a  fifth  molecular 
solution  of  sodium  chloride  on  the  duodenal  segment  of  the  albino  rat 
standardized  with  0.4  cc.  of  a  fifth  molecular  solution  of  sodium  bicar- 
bonate was  investigated  according  to  the  procedure  employed  in  the 
earlier  studies  (11),  (3). 

The  results  of  such  a  test  are  shown  in  the  accompanying  tracing. 

It  is  evident  that  the  addition  of  an  amount  of  sodium  in  the  form 
of  sodium  chloride  to  the  Tyrode's  solution  equal  to  that  added  in  the 
form  of  sodium  bicarbonate  failed  to  produce  the  characteristic  con- 
traction brought  about  by  the  latter  compound.  This  fact  allows  us 
to  conclude  that  neither  .the  increased  sodium  ions  as  such,  nor  the 
increased  sodium-calcium  ratio  is  the  significant  factor  in  causing  the 
contraction. 

The  objection  may  be  raised  that  the  addition  of  this  amount  of 
sodium  chloride  to  the  4  cc.  of  Tyrode's  solution  is  too  small  to  seriously 
affect  the  sodium-calcium  ratio.  If  we  grant  the  objection  we  can 
nevertheless  counter  with  the  observation  that  the  same  or  even  a 
lesser  increase  in  the  sodium-calcium  ratio  when  brought  about  by 
sodium  in  the  form  of  sodium  bicarbonate  causes  a  contraction  of  the 
segment  and  our  conclusion  is  still  justifiad. 

For  a  substance  to  act  as  a  stimulant  to  contraction  it  must  reach 
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the  mechanism  on  which  it  is  to  act.  In  other  words,  the  tissue  cells 
must  be  permeable  to  the  effective  agent.  The  importance  of  the 
permeability  of  the  cell  has  been  recognized  since  the  time  of  Asclep- 
iades  (10)  who  based  his  system  of  medicine  on  the  belief  that  health 
and  disease  depend  more  or  less  on  the  relation  existing  between  the 


Fig.  1.  The  efifect  of  fifth  molecular  sodium  chloride  solution  on  the  isolated 
duodenal  segment  of  the  albino  rat.  The  first  two  tracings  show  the  effects  on 
the  segment  of  0.4  cc.  of  a  fifth  molecular  solution  of  sodium  bicarbonate.  The 
third  and  fourth  tracings  were  made  when  there  had  been  added  0.4  cc.  of  a  fifth 
molecular  solution  of  sodium  chloride.  The  fifth  tracing  was  made  with  sodium 
bicarbonate. 

molecules  and  the  pores  through  which  they  must  pass.  The  studies 
of  Loeb  (11)  and  Osterhout  (12)  have  quite  definitely  shown  that  per- 
meability is  favorably  influenced  by  sodium  ions  and  unfavorably 
by  calcium  ions.  It  may  be  that  the  increase  in  the  sodium  ions 
as  such  or  through  the  increase  in  the  sodium-calcium  ratio  facilitates, 
as  it  were,  the  admission  of  the  exciting  ions  to  the  stimulated 
mechanism.    Thus  the  sodium  ions  can  be  considered  as  participating 
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in  the  reaction,  but  they  can  not  in  any  way  be  considered  as  the  agents 
setting  the  neural  mechanism  into  that  activity  which  results  in  a 
shortening  of  the  duodenal  segment.  This  belief  is  directly  opposed  to 
that  of  Loeb  (13)  with  respect  to  the  hydroxyl  ion  eflfect. 

As  far  as  the  carbonate  ions  are  concerned,  they  can  hardly  be  con- 
sidered as  an  important  determinant  of  the  response  since  one  of  us 
has  shown  that  the  duodenal  segment  reacts  to  all  appearances  to  so- 
dium hydroxide  just  as  it  does  to  sodium  carbonate  (14).  Although  the 
addition  of  sodium  hydroxide  solution  to  Tyrode's  solution  is  presum- 
ably accompanied  by  the  reaction 

NaOH  +  NaHCO,  =  Na^COa  +  H2O 

this  can  have  but  little  if  any  effect  upon  the  concentration  of  the  car- 
bonate ions  when  there  is  taken  into  consideration  the  relative  ioniza- 
tion of  the  dissociation  products  of  sodium  carbonate. 

CONCLUSION 

The  contraction  of  the  isolated  duodenal  segment  of  the  albino  rat 
which  follows  the  addition  of  tenth  molecular  carbonate  solution  to 
the  oxygenated  Tyrode's  solution  in  which  the  segment  is  suspended, 
is  due  neither  to  the  increase  in  the  sodium  ions,  nor  in  the  sodium-cal- 
citim  ratio,  nor  in  the  carbonate  ions.  It  is  true  that  the  increase  in 
the  sodium  ions  may  participate  in  the  effect  by  increasing  the  permea- 
bility of  the  tissue  for  the  agent  initiating  the  reaction,  but  this  in- 
crease in  permeability  can  not  be  considered  as  the  primary  cause  of 
the  contraction. 
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In  the  preceding  paper  (1)  it  was  shown  that  the  contraction  of  the 
isolated  intestinal  segment  of  the  albino  rat  suspended  in  oxygenated 
Tyrode's  solution  at  body  temperature  on  the  addition  of  fifth  molec- 
ular sodium  bicarbonate  to  the  surrounding  fluid,  is  not  due  to  the 
increase  in  either  the  sodiimi  ions,  the  sodium-calcium  ratio  or  the 
carbonate  ions. 

In  this  paper  there  will  be  presented  evidence  for  the  view  that  the 
eflfective  agent  for  the  observed  contraction  is  the  increase  in  the 
hydroxyl-ion  concentration  of  the  fluid  in  which  the  segment  is  sus- 
pended following  the  addition  of  the  alkaline  compound  used. 

In  view  of  this  result  and  other  correlated  data  the  probable  relation 
between  the  changes  in  hydrogen-ion  concentration  of  the  material 
coming  in  contact  with  the  intestine  and  intestinal  movements  will  be 
discussed. 

In  order  to  determine  whether  or  not  the  observed  contraction  of  the 
isolated  intestinal  segment  is  due  to  the  increase  in  hydroxyl-ion  con- 
centration of  the  Tyrode's  solutions  on  the  addition  of  tenth  molecular 
sodium  carbonate  there  was  prepared  a  Solution  of  sodium  hydroxide 
which  would  give  the  same  hydroxyl-ion  concentration  when  added  in 
the  same  amount  to  equal  quantities  (4  cc.)  of  Tyrode's  solution  as  is 
given  by  the  tenth  molecular  sodium  carbonate  solution.  Using  the 
indicator  method  it  was  found  that  the  addition  of  0.2  cc.  of  a  solution 
of  sodium  hydroxide  of  approximately  twentieth  molecular  concen- 
tration to  the  4  cc.  of  Tyrode^s  solution  gave  a  pH  between  9.4  and  9.8. 
The  addition  of  0.2  cc.  of  a  tenth  molecular  solution  of  sodium  carbonate 
to  4  cc.  of  Tyrode's  solution  gave  the  same  pH.    A  comparison  of  the 

>  Much  of  the  experimentation  reported  in  this  paper  was  carried  on  by 
Mr.  J.  E.  Nowrey,  Jr.,  to  whom  the  author  wishes  to  express  his  thanks. 
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two  resultant  colored  solutions  in  the  Duboscq  colorimeter  showed  an 
agreement  in  color  depth  that  was  satisfactory. 

Intestinal  segments  were  prepared  as  described  in  a  previous  publica- 
tion (2)  and  their  responses  to  the  addition  of  equal  amounts  of  these 
two  solutions  to  equal  amounts  of  Tyrode's  solution  in  which  they  were 
suspended  were  recorded  as  usual. 

It  was  found  that  practically  the  same  degree  of  contraction  was  ob- 
tained with  the  sodium  hydroxide  solution  as  with  the  sodium  carbonate 
solution.  This  is  shown  in  the  accompanying  tracing.  It  allows  of  no 
other  conclusion  than  that  the  stimulus  to  contraction  is  the  increase 
in  the  hydroxylAon  concentration  of  the  liquid  in  which  the  segment  is 
suspended. 

This  result  is  also  a  confirmation  of  the  findings  of  the  preceding  (1) 
paper,  because  on  the  one  hand  the  concentration  of  the  sodium  ions  in 
the  sodium  hydroxide  solution  used  was  less  than  a  fourth  of  that  of  the 
sodium  carbonate  solution;  and  on  the  other,  the  carbonate-ion  con- 
centrations were  in  no  sense  comparable. 

This  result  may  also  serve  in  part,  at  least,  to  explain  on  the  basis 
of  the  change  in  hydroxyl-ion  concentration  the  stimulating  eflfect  of 
various  alkaline  salts  on  intestinal  contraction  observed  by  Salant, 
Mitchell  and  Schwarze  (3),  Salant  and  Schwartze  (4),  Alvarez  (5), 
Starkenstein  (6)  and  others. 

Before  discussing  the  indications  of  the  foregoing  observations  a 
brief  review  of  the  studies  leading  up  to  the  ideas  about  to  be  expressed 
is  not  out  of  place. 

It  was  observed  by  Hatai  and  Hanmiett  (7)  that  the  isolated  duodenal 
segment  of  the  albino  rat,  when  suspended  in  oxygenated  Tyrode's 
solution  at  body  temperature,  responds  by  a  contraction  when  small 
amounts  of  tenth  molecular  sodium  carbonate  solution  are  added  to  the 
liquid  surrounding  the  segment.  It  was  found  that  this  reaction  was 
reversed,  i.e.,  that  a  relaxation  occurred  a,  when  the  animal  had  been 
excited  or  angered  previous  to  the  removal  of  the  segment  for  testing; 
b,  when  the  splanchnics  were  electrically  stimulated  in  the  dead  animal 
before  removal  of  the  segment;  and  c,  during  periods  of  physiological 
or  emotional  instability  such  as  occur  in  young  animals  or  menstruating 
females.  It  was  also  noticed  that  approximately  equal  degrees  of 
contraction  foUowed  the  application  of  equal  amounts  of  the  carbonate 
solution  to  segments  from  the  normal,  adult,  unexcited  male  rat. 
Further  investigations  established  the  fact  that  segments  from  such 
animals  could  serve  as  accurate  testing  material  for  the  quantitative 
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comparison  of  tissue  extracts  and  other  Substances  within  reasonable 
limits  when  sodium  carbonate  is  used  as  the  standardizing  reagent  (2). 
These  observations  gave  a  basis  for  testing  the  intestinal  contracting 
ability  of  thyroid  extracts  from  the  glands  of  rats  of  different  ages 
(8)  and  the  action  of  thyroxin  on  the  isolated  intestinal  segment  (9). 
The  next  study  was  devoted  to  a  determination  of  the  intestinal  mech- 


Fig.  1.  Effect  of  equal  H-ion  concentrations  from  NaOH  and  from  NasCOi  on 
the  degree  of  contraction  of  the  isolated  intestinal  segment.    Time  in  6  seconds. 

anism  primarily  stimulated  by  the  carbonate  (10).  It  was  found  that 
the  neural  mechanism  is  primarily  involved  in  the  phenomena  recorded. 
This  led  us  to  realize  that  a  determination  of  the  agent  or  condition 
eflfective  in  producing  the  contraction  might  throw  some  light  upon  the 
nature  of  the  factors  directly  regulating  or  controlling  intestinal  move- 
ments.   The  preceding  paper  (1)  and  the  evidence  presented  in  this 
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one  have  shown  that  neither  the  increase  in  the  sodium  ions,  nor  the 
sodium-calcium  ratio,  nor  the  carbonate-ion  concentration  is  the 
effective  agent,  but  that  the  stimulus  to  contraction  is  the  increased 
hydroxyl-ion  concentration  derived  from  the  dissociation  of  the  added 
sodium  carbonate. 

We  are  at  once  confronted  with  the  question  as  to  how  far  we  are 
justified  in  utiUzing  the  findings  of  these  experiments  in  vitro  for  an 
interpretation  of  the  probable  control  or  influence  of  changes  in 
hydrogen-ion  concentration  on  the  motor  activities  of  the  intestine. 
The  direct  transfer  of  these  observations  must  be  made  with  caution 
and  with  reservations  expUcit  or  impUed. 

Although  Cannon  (11),  Gaskell  (12),  Alvarez  (13)  and  others  have 
recognized  the  probabihty  that  the  motor  activities  of  the  intestinal 
musculature  are  modified  by  chemical  factors,  nevertheless  the  inter- 
pretations of  these  phenomena,  with  the  exception  of  the  latter  investi- 
gator, have  been  almost  entirely  based  on  the  idea  of  a  predominantly 
neural  control  as  developed  from  the  studies  of  Bayliss  and  Starling 
(14),  (15),  Magnus  (16)  and  others.  Nevertheless  it  is  undeniable  that 
the  initiation  of  every  stimulus  which  is  carried  to  the  muscle  tissue 
by  the  nerve  fibers  is,  in  the  last  analysis,  due  to  a  chemical  change. 
That  the  ultimate  explanation  will  be  based  on  energy  changes  is  ob- 
vious and  has  been  recently  emphasized  for  biological  processes  by 
J.  Traube  (17). 

It  is  not  necessary  to  go  into  any  detailed  exposition  of  the  proved 
and  probable  chemical  sources  of  stimuli  produced  by  the  organism 
affecting  either  directly  or  indirectly  the  motor  activities  of  the  intestine. 
With  no  intention  of  minimizing  the  importance  of  their  r61e,  it  is  felt 
that  the  studies  of  Henderson  (18),  Michaelis  (19),  Loeb  (20),  Moore 
(21),  Clark  (22),  Lillie  (23),  Osterhout  (24)  and  others  on  the  exquisite 
sensitivity  of  Uving  cells  to  change  in  hydrogen-ion  concentration  give 
ample  evidence  of  the  predominant  part  which  this  type  of  chemical 
change  plays  in  the  phenomena  of  stimulation  in  general  and  of  nerve 
stimulation  in  particular. 

We  have  shown  in  this  and  previous  studies  that  the  intestinal  seg- 
ment shortens  or  contracts  when  an  increase  in  the  pH  or  hydroxyl-ion 
concentration  occurs  in  the  solution  with  which  it  is  in  contact.  It 
has  also  been  shown  that  this  effect  is  produced  by  transmission  of  the 
stimulation  through  the  neural  mechanism  of  the  segment.  That  other 
compounds  which  on  dissociation  in  solution  give  rise  to  an  alkaline 
reaction  produce  the  same  effect  has  been  alluded  to  before. 
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On  the  other  hand,  Young  (25)  has  definitely  shown  that  an  excess 
of  hydrogen  ions  produces  just  the  opposite  effect,  namely,  a  relaxation, 
when  added  to  the  solution  in  which  the  segment  is  suspended.  The 
experiments  of  Alvarez  (26)  support  these  observations  in  their  general 
aspect. 

It  is  thus  evident  that  changes  in  the  hydrogen-ion  concentration 
of  the  medium  with  which  the  intestine  comes  in  contact  have  a  marked 
influence  upon  its  motor  activities;  an  excess  of  hydroxyl-ions  causing 
a  contraction,  an  excess  of  hydrogen  ions  a  relaxation. 

That  changes  in  the  hydrogen-ion  concentration  of  the  intestinal 
contents  are  bound  to  occur  is  evident  from  the  observations  of  Busch 
(27),  Auerbach  and  Pick  (28),  McClendon  and  his  collaborators  (29) 
and  others  that  the  succus  entericus  is  normally  alkaline  in  reaction, 
and  the  finding  of  Foa  (20)  that  the  pancreatic  juice  is  similarly 
constituted,  when  correlated  with  the  observations  of  Moore  and 
Bergin  (31)  and  McClendon  and  his  collaborators  (32)  that  the  reaction 
of  the  intestinal  contents  on  removal  after  eating  is  normally  acid.  In 
addition  there  is  the  well-known  fact  of  the  passage  of  the  hydrochloric 
acid  of  the  gastric  juice  into  the  duodenum  during  the  process  of  diges- 
tion. It  is  therefore  certain  that  there  takes  place  in  the  intestine  a 
continuous  swinging  to  and  fro  between  alkalinity  and  acidity  of  the 
reaction  of  the  material  coming  in  contact  with  the  intestinal  wall. 

During  this  play  back  and  forth  between  these  oppositely  acting 
agents  of  stimulation  there  must  arise  innumerable  opportunities  for 
these  changes  to  be  transmitted  by  diffusion  into  the  intestinal  wall  and 
into  contact  with  the  neural  mechanisms  concerned  in  the  motor  activity 
and  there  set  into  play  now  one,  now  the  other  type  of  response,  accord- 
ing to  the  specific  mechanism  stimulated.  That  such  may  conceivably 
occiu'  appears  from  the  observations  of  Loeb  and  Wasteneys  (33)  that 
weak  alkalies,  and  of  Crozier  (34)  that  weak  acids  penetrate  the  cellular 
membranes  with  extraordinary  facility,  and  the  findings  of  Langley  (35) 
that  it  is  the  nature  of  the  nerve  endings  and  not  the  impulses  carried  by 
the  nerves  that  determine  the  nature  of  the  response. 

We  do  not  wish  to  be  understood  as  holding  that  the  stimulation  to 
contraction  or  to  relaxation  is  due  to  a  direct  contact  of  an  excess  of 
hydroxyl  ions  or  of  hydrogen  ions  derived  immediately  from  the  changes 
in  reaction  of  the  intestinal  contents  with  the  neural  elements  directing 
the  mcftor  activities  of  the  intestine.  While  this  may  be  so,  it  appears 
mor^  probable  that  the  penetration  of  the  cell  layers  immediatelj'^  in 
contact  with  the  intestinal  contents  by  varying  hydroxyl-  or  hydrogen - 
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ion  concentrations  which  set  up  their  characteristic  effects,  is  followed 
by  a  transmission  of  these  effects  through  a  local  and  generally  limited 
zone  until  neutralized  by  meeting  zones  of  opposite  reaction.  In  this 
spread  of  the  effect  primarily  induced  by  changes  in  hydrogen-ion 
concentration  of  the  intestinal  contents  in  contact  with  any  given  spot 
of  the  intestine  at  any  given  moment  and  which  changes  from  moment 
to  moment,  there  is  encountered  a  portion  of  the  neural  mechanism  of 
the  intestine  and  the  appropriate  response  is  elicited  depending  upon 
the  nature  of  the  stimulus.  Further  analysis  will  probably  reveal  that 
this  spreading  effect  is  of  the  nature  of  physico-chemical  changes  in 
surface  charges  or  potential  following  changes  in  ionization. 

Inasmuch  as  little  if  anything  is  accurately  known  of  the  precise 
r61e  of  the  neural  supply  to  the  intestinal  musculature  in  the  various 
motor  activities  exhibited  in  katastalsis,  anastalsis,  segmentation  and 
the  myenteric  reflex  it  would  be  wasted  speculation  to  attempt  an 
analysis  of  the  specific  role  of  the  changes  in  hydrogen-ion  concentration 
in  these  phenomena. 

Nevertheless  it  may  be  assumed  from  what  is  known  of  the  general 
nature  of  the  response  elicited  by  stimuli  coming  in  over  the  vagal  or 
splanchnic  pathways  and  the  known  effect  of  hydrogen-ion  or  hydroxyl- 
ion  excess  on  intestinal  movement,  that  the  nerve  endings  of  the  vagal 
mechanism  are  affected  by  a  predominant  hydroxyl-ion  concentration 
while  the  splanchnic  endings  are  affected  by  a  predominant  hydrogen- 
ion  concentration.  This  assumption,  however,  does  not  facilitate,  in 
the  present  state  of  our  knowledge,  an  interpretation  of  the  phenomena 
of  specific  intestinal  movements.  Until  information  is  to  be  had  of  the 
finer  details  of  the  neural  direction  of  the  intestinal  motor  activities, 
and  until  the  changes  in  reaction  of  the  fluids  in  their  passage  through 
the  intestinal  wall  and  their  effect  upon  the  protoplasm  of  the  intestinal 
cells  are  known,  any  application  of  the  above  assumption  is  precluded. 
This  lack  of  information,  however,  does  not  destroy  the  validity  of 
the  idea  that  changes  in  the  hydrogen-  and  hydroxyl-ion  concentration 
of  the  material  coining  in  contact  with  the  intestine  are  important  par- 
ticipants in  the  regulation  and  control  of  the  intestinal  motor  activities. 
We  are  not  to  be  understood  as  taking  the  stand  that  the  motor  activi- 
ties of  the  intestine  are  solely  dominated  by  the  effects  of  a  local 
stimulation  of  the  intestinal  neural  mechanisms  by  changes  taking  place 
in  the  hydrogen-ion  concentration  of  the  intestinal  contents.  Nor  do 
we  hold  that  cTianges  in  the  hydrogen-ion  concentration  at  any  one  point 
in  the  system  are  the  sole  determinants  of  the  nature  of  the  response 
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elicited.  For  there  is  ample  evidence  that  a  strictly  neurogcDic  influence, 
in  the  sense  of  a  central  participation,  may  at  times  supersede  a  local 
chemical  influence.  The  opposite  may  also  occur.  But  we  believe 
that  in  the  normal  undisturbed  organism  during  digestion  the  changes 
in  the  hydrogen-ion  concentration  of  the  intestinal  contents  determine 
the  intestinal  motor  activities  which  are  superintended  and  directed  by 
the  intestinal  neural  mechanisms. 
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The  researches  of  Lillie  (1),  Loeb  (2),  Osterhout  (3),  Mathews  (4), 
McClendon  (5),  Hill  (6),  Lucas  (7)  and  of  many  other  biophysicists 
and  chemists  (8)  indicate  that  the  functions  of  the  cells  of  living  organ- 
isms are  related  to  electrical  processes;  that  the  living  cell,  whether  it 
exists  alone  or  as  an  element  in  a  complex  organism,  possesses  a  certain 
store  of  potential  energy  which  is  manifested  by  variations  in  polarity 
and  by  action  currents;  that  variations  in  the  permeabiUty  of  the  living 
cell  to  the  electrically  charged  elements  of  the  fluid  which  surrounds 
it  parallel  variations  in  irritability  in  response  to  stunulation;  that 
factors  which  suspend  or  abolish  irritabiUty  also  suspend  or  abolish 
alterations  in  permeabiUty. 

Every  activity  of  living  tissue  is  accompanied  by  electrical  currents; 
and  many  activities  are  also  initiated  by  electrical  ciu-rents.  In  fact, 
the  work  of  the  investigators  referred  to  above  shows  how  strong  is  the 
tendency  to  consider  that  vital  processes  depend  upon  electric  energy, 
by  means  of  which  also  the  protoplasm  is  renewed,  and  the  whole 
mechanism  is  constructed. 

In  view  of  this  trend  of  physiological  conceptions,  the  electrical 
properties  of  living  protoplasm  become  of  vital  interest.  As  this 
interest  extends,  the  need  of  definite  quantitative  data  increases.  The 
laws  which  govern  the  action  of  electrical  forces  in  inorganic  systems 
are  known  exactly.  It  is  possible  to  calculate  exactly  how  much  heat, 
or  what  chemical  change,  or  how  much  work  wiU  result  from  the  pas- 
sage of  a  current  of  known  strength  through  a  known  resistance  during 
a  definite  period  of  time. 

The  two  independent  factors,  current  and  resistance  respectively, 
depend  upon  the  amoimt  of  available  electrical  energy  and  the  consti- 
tution of  the  system  in  which  its  conversion  into  heat,  or  chemical 
change,  or  other  type  of  work  is  to  be  accomplished. 
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The  action  of  electrical  energy  in  protoplasm,  although  aU  the  con- 
ditions are  far  more  complicated  than  •in  inorganic  substances,  is 
governed  by  the  same  laws.  In  protoplasm,  as  in  inorganic  matter, 
electrical  currents  will  always  choose  the  path  over  the  lowest  available 
resistance;  and  in  protoplasm,  as  in  inorganic  matter,  the  current  pay^ 
toll  to  the  friction  offered  by  the  system  through  which  it  passes. 

The  facts  already  established  regarding  bio-electric  currents  are 
sufficient  to  indicate  the  importance  of  further  investigation,  especially 
along  certain  lines.  For  example:  What  is  the  range  of  the  electric 
conductance  of  living  tissue?  How  does  that  range  compare  with  that 
of  other  electrical  conductors?  Is  the  range  of  conductance  the  same 
for  all  types  of  tissue,  and  in  each  tissue  does  it  remain  constant  under 
all  conditions?  Is  the  electric  conductance  of  each  tissue  a  factor  in 
the  production  of  the  activities  of  the  organism,  to  which  a  fairly 
constant  value  can  be  assigned? 

These  are  questions  which  occur  at  once  to  the  most  casual  student 
of  bio-electric  problems,  and  the  fact  that  the  literature  offers  no  clear 
answer  is  sufficient  reason  for  a  detached  study  of  this  subject. 

During  recent  years  various  investigators  have  applied  measure- 
ments of  electrical  conductivity  to  the  determination  of  variations  in 
the  permeability  of  protoplasm  under  varying  conditions.  In  particular 
the  work  of  Osterhout,  Lillie  and  Loeb  along  these  lines  is  too  well 
known  to  be  more  than  mentioned  here. 

Other  investigators  have  used  conductivity  measurements  as  a  means 
for  estimating  the  volimie  of  the  corpuscles  in  blood,  for  determining 
the  H-ion  concentration  in  body  fluids,  for  measuring  the  variations 
in  the  conductivity  of  muscle  which  result  from  contraction.  But 
none  of  these  investigators  have  attempted  to  determine  the  specific 
conductance  of  any  tissue. 

Early  in  this  century  Galeotti  (9)  carried  out  a  limited  number  of 
experiments  for  the  purpose  of  studying  the  changes  which  occur  at 
death.  He  utilized  the  tissues  of  dogs,  rabbits,  guinea  pigs,  frogs  and 
turtles,  making  measurements  at  successive  intervals  after  the  removal 
of  the  tissue  from  the  animal.  In  general,  he  observed  a  rapid  decrease 
in  conductivity  during  the  first  few  minutes,  followed  by  a  more  gradual 
decrease,  which  in  some  instances  lasted  for  several  hours.  After 
reaching  the  minimum,  which  he  considered  marked  the  death  point 
of  the  tissue,  the  conductivity  began  to  rise,  gradually  at  first,  and 
then  very  rapidly  until  a  very  high  value  was  reached. 
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His  values  for  the  normal  conductivity  of  certain  rabbit  tissues  may 
be  of  interest  as  compared  with  those  observed  in  the  work  to  be  de- 
scribed later  (tables  1  and  2). 

For  the  most  part  Galeotti  worked  with  the  firmer  tissues,  sections 
of  which  he  introduced  directly  between  platinum  electrodes  which 
were  clamped  in  place  after  the  application  of  a  greater  or  less  degree 
of  pressure.    He  used  only  a  few  animals  of  each  species  and  does  not 

TABLE  I  * 

Specific  condiiciivily  of  certain  rabbit  tissues  as  determined  by  Galeotti.     {Expressed 

in  reciprocal  ohms) 


MUSCLE 

TKMPERATURE 

LIVER 

HE4RT 

Longitudinal 

TranB  verse 

12°C. 

00182 

00058 

18*»C. 

000268 
00090 
00053 

000799 

000804 

24*'C. 

000269 

000789 

TABLE  2 


Comparison  of  the  specific  conductivity  of  rabbit  blood  before  and  after  coagulation  as 
determined  by  Galeotti.     (Expressed  in  reciprocal  ohms) 


TBlfPEF.  \TITRB 

BEVORE  COAGULATION 

AFTER  COAGULATION 

38*»C. 

00569 

00566 

00679 

00674 

00773 

00771 

00539 

00526 

00631 

00590 

state  that  he  measured  more  than  one  sample  of  each  tissue  from  any 
one  animal. 

The  work  to  be  described  below  was  the  direct  outcome  of  preliminary 
measurements  made  by  G.  B.  Obear  of  the  Case  School  of  Applied 
Science  in  the  fall  of  1917.  In  spite  of  inadequate  apparatus  and  a 
limited  number  of  observations,  Doctor  Obear*s  results  indicated  such 
consistent  relative  values  of  the  specific  conductivities  of  certain  tissues, 
especially  the  cerebrum  and  cerebellum,  as  to  encourage  a  further 
research  under  better  conditions.  In  the  fall  of  1918,  therefore,  the 
research  was  continued.    , 
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Apparatus.  The  apparatus  employed  in  this  research  includes  that 
devised  by  Dr.  E.  W.  Washburn  and  developed  for  the  market  by 
Leeds  and  Northrup.  It  consists  of  the  t3rpical  Wheatstone  bridge 
made  up  of  a  Kohlrausch  slide  wire  and  a  resistance  box  of  Curtis 
coils,  with  a  telephone  connected  across  the  ends  of  the  slide  wire. 
Suitable  capacities  for  tuning  the  circuit  and  for  balancing  the  capacity 
of  the  conductivity  cell  were  inserted  in  the  current.  A  high  fre- 
quency (1,000  cycles)  alternating  current  was  obtained  from  a  constant 
speed  high  frequency  generator  located  in  another  room.  All  measure- 
ments were  made  with  the  cell  partially  immersed  in  a  constant  tempera- 
ture bath.  A  Freas  bath  of  300  liters  capacity  was  used,  supplemented 
by  a  specially  constructed  cover  to  minimize  fluctuations  of  tempera- 
ture, to  maintain  a  sufficiently  humid  atmosphere,  and  to  insure 
maintenance  of  the  leads  and  upper  part  of  the  conductivity  cell  at  a 
imiform  temperature. 

On  accoimt  of  faulty  construction  of  the  glass  parts,  the  automatic 
temperatiu'e  regulator  for  this  bath  has  never  worked  satisfactorily, 
but  by  hand  regulation  of  the  lights  it  has  not  been  difficult  to  keep 
the  temperature  constant  within  O.l^C. 

Washbiun's  recommendations  in  regard  to  magnetic  shielding, 
groimding,  etc.,  have  been  carefully  observed. 

Figure  1  shows  the  arrangement  of  this  apparatus  as  used  in  this 
research. 

Electrodes,  As  the  early  part  of  this  work  was  done  at  a  time  when 
it  was  a  patriotic  duty  to  conserve  platinum,  in  the  preliminary  experi- 
ments aU  types  of  tissue  were  measured  in  the  same  set  of  electrodes, 
though  it  is  obvious  that  this  is  far  from  an  ideal  mode  of  procedure. 

Sections  of  each  tissue  were  packed  into  small  glass  tubes  of  various 
sizes,  each  of  which  was  accurately  groimd  to  insure  imiform  dimen- 
sions throughout.  The  tubes  were  packed  with  a  sufficient  excess  of 
material  to  procure  a  slight  projection  from  each  end,  and  were  placed 
between  thin  platinum  electrodes,  reinforced  by  brass  backings.  Suffi- 
cient pressure  was  applied  to  bring  the  electrodes  flush  with  the  ends 
of  the  tubes,  when  the  electrodes  were  firmly  clamped  into  place. 
Great  pains  were  taken  to  avoid  air  spaces  within  the  tubes  and  to 
insure  uniform  contact  of  the  tissues  with  the  electrodes.  This  was 
not  difficult  with  the  softer  tissues,  such  as  brain  and  liver,  but  with 
tougher  tissues  such  as  muscle  and  thyroid  it  was  impossible  to  exclude 
considerable  error  from  imperfect  contact  and  other  variations.  The 
effect  of  these  faults  is  plainly  evident  in  the  greater  variation  in  the 
conductance  values  obtained  for  the  latter  tissues. 
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The  tubes  used  for  the  measurement  of  the  conductivity  of  the  brain, 
the  liver  and  voluntary  and  involuntary  muscle,  were  approximately 
5  mm.  in  diameter  and  5  mm.  in  length,  while  those  used  in  the  measure- 
ment of  the  adrenals  and  the  thyroid  were  of  the  same  length  with  a 
diameter  of  approximately  2.5  nun.  Special  hard  rubber  containers 
were  devised  for  the  spinal  cord  (fig.  2). 

The  conductance  capacities  or  ceU  constants  of  these  tubes  were 
determined  by  repeated  measurements  of  their  conductance  when  filled 


Fig.  1.  Arrangement  of  apparatus  for  electrical  conductivity  research 

with  0.01  NKCl,  at  the  same  temperature  as  that  used  for  the  tissue 
measurements. 

In  the  later  work  larger  tubes  1  cm.  long  X  1  cm.  in  diameter  were 
used.  These  were  only  partially  filled  with  tissue,  and  an  upper  elec- 
trode of  the  type  shown  in  figure  3  was  used.  This  electrode  was  1  cm. 
in  diameter  and  was  pierced  by  slits.  The  tube  was  partially  filled 
with  closely  packed  material,  and  carefully  placed  in  position  on  the 
lower  electrode,  after  which  the  upper  electrode  was  inserted  within 
the  tube  and  carried  down  until  contact  was  made  with  the  upper 
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surface  of  the  tissue,  care  being  taken,  however,  to  avoid  sufficient 
pressure  to  cause  the  extrusion  of  material  through  the  slits.  This 
upper  electrode  was  then  clamped  in  place  and  the  distance  between 
the  two  electrodes  was  accurately  measured  and  recorded. 

Every  precaution  was  taken  to  avoid  any  undue  pressure  with  the 
consequent  reduction  of  the  fluid  content  of  the  tissue  and  resultant 


^^ 


Fig.  2.  Special  container  devised  for  making  conductivity  measurements  ot 
the  spinal  cord.  A  and  B  are  blocks  of  hard  rubber.  The  section  of  spinal  cord 
is  laid  in  the  curved  groove  in  one  of  these,  the  two  pieces  brought  together  and 
clamped  by  carrying  the  brass  loop  C  over  D. 

lowering  of  the  conductance,  although  this  danger  was  lessened  by  the 
use  of  the  pierced  electrode.  Various  measurements  of  different  types 
of  tissue  were  made  to  determine  the  effect  of  varying  the  pressure, 
the  results  of  which  are  illustrated  by  the  groups  of  measurements 
shown  in  table  3.  In  each  case  the  successive  measurements  were  made 
upon  the  same  sample  of  tissue,  the  distance  between  the  electrodes, 
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and  consequently  the  pressure,  being  changed  between  each  two  meas- 
urements. The  results  indicate  that  a  greater  error  is  to  be  feared 
from  the  application  of  too  much  pressure  than  from  too  light  a  contact. 
The  cell  constants  for  the  tubes  used  in  the  later  experiments}  as 
for  those  used  in  the  earlier  series,  were  determined  by  measurements 
with  0.01  NKCl  with  the  electrodes  at  different  distances  apart,  these 


Fig.  3.  Electrical  conductivity  cell  and  detailed  drawing  of  upper  electrode 

results  being  plotted  for  convenient  use  in  estimating  the  value  of  the 
tissue  measurements. 

The  electrodes  were  carefully  cleansed  after  each  measurement  and 
were  feplatinized  at  intervals  with  a  very  light  coating  of  platinum 
black.  The  electrodes  and  holders  were  always  placed  in  the  bath 
long  enough  before  use  to  insure  the  thorough  warming  up  of  the  metal 
and  glass  parts,  and  during  the  insertion  of  tissue  were  exposed  as 
little  as  possible  to  lower  temperatures,  and  even  then  they  were  given 
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TABLE  3 
Efect  of  variations  in  pressure  upon  the  electrical  conductivity  of  animal  tisfiiies 


TI«8UE 

DIBTAKCB  BKTWEEN 

COVDUCTIVITT 

(EXPRBB8ED  IN 

BBCIPBOCAL  OHMB) 

cm 

Cerebellum 

0  78 

00133 

Section  1 

0.66 

00129 

0  48 

00114 

Section  2 | 

0.92 
0  55 

00148 
00128 

[ 

0.60 

00140 

Section  3 < 

0.52 

0013A 

I 

0  40 

00123 

065 

00115 

Section  4 

0.50 

00108 

0  40 

00105 

0  75 

00121 

Section  5 

0  65 
0  50 

00116 

00116 

/ 

1.11 

00158 

Section  6 

0.96 
0.65 

00151 

00128 

Cerebrum 

1.24 

00183 

Section  1 

0.94 
0.72 

00167 

00159 

1.20 

00183 

Section  2 

0.92 
0  81 

00170 

00169 

1.03 

00172 

Section  3 < 

0.85 
0.64 

00164 

00145 

an  opportunity  to  reach  the  bath  temperature  before  measurements 
were  made.  It  was  possible  to  exercise  these  precautions  with  but 
little  loss  of  time  by  using  two  sets  of  electrodes  and  holders.    All 
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measurements  were  either  made  at  39^C.  or  were  corrected  to  that 
value  from  temperatures  not  over  a  degree  removed  from  it. 

Special  points  in  technique.  The  object  of  this  investigation  being 
to  determine  the  electric  conductivity  of  animal  tissues  tmder  conditions 
as  nearly  as  possible  identical  with  those  existing  in  the  living  animal, 
every  effort  was  made  to  keep  the  sections  of  each  tissue  always  at  a 
normal  body  temperature;  to  avoid  any  loss  of  moisture;  and  to  meas- 
ure each  at  the  earliest  possible  moment  after  the  death  of  the  animal 
and  the  removal  of  the  tissue  from  the  body. 

A  series  of  measurements  was  made  to  determine  the  onset  of  post- 
mortem changes  in  the  different  tissues  as  evidenced  by  changes  in 
the  electric  conductivity. 

TABLE  4 

Candvctiviiy  meaBuremenU  mode  at  varying  periods  after  death  to  determine  onset 

of  post'-mortem  changes 
(Conductivity  expressed  in  reciprocal  ohms) 


rSBIOD  AVTBB  DBATB 

Imme- 
diAte 

ihour 

1  hour 

lihoun 

2  hours 

2i  hours 

8  hours 

4  hours 

Cerebellum 

00139 
00175 
00181 
00076 
00061 
00082 
00486 
00194 

00140 
00174 
00180 
00089 
00094 

00472 

00140 
00178 
00185 
00099 
00097 

00484 

00148 
00195 
00192 
00112 
00121 

00499 

00156 
00201 
00202 
00117 
00165 

00498 

00178 

00224 
00132 
00187 

00219 
00245 
00241 
00156 
00236 

Cerebnmi 

Cerebrum 

Liver 

00282 

Liver 

After  i  hour 

Vohintftrv  muscle. ........ 

00617* 

Voluntary  muscle 

00210* 

•  FoUowmg  day. 

We  found  that  the  conductivity  of  all  tissues  remained  practically 
imchanged  during  the  first  hour  after  removal  from  the  body;  i.e., 
provided  the  section  had  been  kept  at  a  constant  temperature  in  a 
humid  atmosphere.  The  earliest  post-mortem  changes  in  conductivity 
were  fotmd  in  the  liver  and  the  brain;  the  latest  in  voluntary  muscle. 
No  significant  change  was  noted  in  the  brain  in  less  than  one  hour 
after  removal.  In  two  instances  liver  changes  began  in  approximately 
one-half  hour  after  the  death  of  the  animal  (table  4).  The  observation 
of  these  changes  led  to  the  adoption  of  an  unvarying  routine,  in  which 
the  liver  was  always  the  first  tissue  to  be  removed,  sectioned  and 
measured. 
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As  a  corollary  to  the  measurements  made  specifically  for  the  purpose 
of  determining  the  onset  of  post-mortem  changes  it  may  be  pertinent 
to  note  here  that  observations  of  the  electric  conductivity  of  the  liver 
after  it  had  been  tied  off  for  four  hours,  but  left  in  situ,  to  produce  an 
effectual  hepatectomy,  showed  the  conductivity  was  increased  far 
above  that  observed  in  any  experiment  in  which  immediate  measure- 
ments of  the  conductivity  of  the  liver  were  made. 

Post-mortem  change  was  not  the  only  factor  to  be  considered,  how- 
ever. It  is  obvious  that  animal  tissues  present  no  such  ideally  uniform 
material  as  is  ordinarily  subjected  to  conductivity  measurements. 
Even  if  it  were  possible  to  secure  sections  of  exact  uniformity  through- 
out, completely  filling  the  space  between  the  electrodes,  an  ideal  that 
thus  far  has  not  been  satisfactorily  attained,  it  would  still  be  neces- 
sary to  consider  variations  in  the  structure  of  different  parts  of  the 
same  organ,  as  well  as  variations  between  individual  animals. 

It  was  obvious  at  once  that  at  best  we  could  expect  only  to  establish 
the  limits  of  variations  for  each  tissue,  and  that  if  the  results  of  these 
measurements  were  to  be  of  any  general  physiological  value,  they  must 
represent  the  findings  in  a  large  number  of  individuals. 

For  all  these  reasons  it  seemed  inadvisable  to  employ  any  technique 
which  would  delay  the  prompt  measurement  of  sections  after  their 
removal  from  the  animal;  or  would  prevent  the  examination  of  a  large 
nimiber  of  animals,  even  though  such  a  technique  might  markedly 
increase  the  precision  of  any  single  measurement.  The  precision  of  a 
single  measurement  is  of  little  significance  if  it  is  obtained  after  such  a 
lapse  of  time  as  to  permit  a  change  from  the  conditions  in  the  living 
animal.  Also  if  the  normal  variation  in  the  conductivity  of  the  same 
tissue  in  different  animals  is  several  per  cent,  as  one  would  expect  to 
be  the  case,  it  becomes  important  to  multiply  the  number  of  normal 
measurements  as  well  -as  to  try  for  a  high  degree  of  precision  in  single 
measurements. 

On  the  other  hand  the  absolute  maintenance  of  constancy  of  method 
is  imperative  and  no  effort  has  been  spared  to  insure  this  requisite. 
Uniformity  of  technique  in  the  choice  of  animals,  the  method  of  killing, 
the  nature  of  treatment,  the  lapse  of  time  and  conditions  under  which 
the  tissue  was  kept  between  the  killing  of  the  animal  and  the  actual 
measurement,  in  the  method  of  measurement  and  in  all  other  factors 
has  been  maintained  just  as  far  as  possible. 

Animals  which  showed  any  abnormal  condition  either  before  or 
during  treatment  or  at  autopsy  were  always  rejected.    The  weight 
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and  temperature  of  each  animal  were  recorded.  The  animals  received 
their  last  feeding  the  evening  before  they  were  used,  as  the  measure- 
ments were  always. made  during  the  morning;  calculations,  testing  and 
adjusting  of  apparatus  and  so  forth  beii^  done  during  the  afternoon. 
The  animals  were  killed  by  stunning  with  a  blow  on  the  head  and  the 
immediate  severance  of  the  veins  and  arteries. 

The  liver  was  at  once  removed,  sectioned,  packed  in  warm  tubes 
and  placed  in  the  saturated  atmosphere  of  the  constant  temperature 
bath  for  immediate  measurement. 

In  the  earlier  experiments  the  block  of  liver  tissue  was  removed  and 
kept  as  nearly  intact  as  possible.  As  it  proved  difficult  to  secure 
sufficient  uniformity  of  filling  of  the  tubes  by  this  method,  in  the  later 
work  the  liver  substance  was  separated  from  the  connective  tissue 
and  the  resultant  soft  mass  was  carefully  transferred  to  the  tubes. 
Histologic  examination  shows  that  this  treatment  separates  the  lobules 
from  the  connective  tissue,  but  as  the  size  of  the  individual  liver  cell 
is  5  to  8  microns  there  is  no  reason  to  believe  that  more  than  a  very 
small  percentage  of  the  liver  cells  themselves  has  been  destroyed. 

The  other  tissues  were  removed  and  sectioned  in  turn — always  in 
the  same  order — and  measured  immediately.  The  time  between  the 
removal  of  a  tissue  until  its  measurement  seldom  exceeded  20  minutes 
and  under  no  circumstances  was  the  section  allowed  to  cool  perceptibly. 
By  careful  training  and  close  cooperation  between  principals  and 
assistants,  the  technique  was  developed  to  such  a  point  that  it  was 
possible  to  prepare  and  measure  two  sections  each  from  the  liver, 
cerebrum,  cerebellum,  spinal  cord,  volxmtary  muscle  and  involuntary 
muscle  (heart),  and  usually  one  section  only  from  the  adrenals  and 
from  the  thyroid,  within  45  minutes  after  the  death  of  the  animal. 
In  the  later  work,  when  in  the  majority  of  animals  measurements  were 
made  of  only  the  brain  and  the  liver,  it  was  possible  to  make  measure- 
ments of  a  number  of  animals  each  day,  and  thus  secure  nearly  uniform 
conditions  in  the  different  animals. 

At  the  beginning  of  the  research  as  many  sections  as  possible  were 
made  of  each  type  of  tissue  until  a  minimum  percentage  of  variation 
for  each  was  established. 

Thereafter,  whenever  the  measurements  of  different  sections  of  the 
same  organ  failed  to  agree,  the  higher  value  was  in  general  the  one 
accepted,  for  the  reason  that  all  sources  of  error  under  the  conditions 
employed  in  this  work  were  such  as  would  diminish  the  conductivity. 
Thus  if  the  tubes  were  incompletely  filled,  that  is,  if  they  contained 
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air  spaces;  if  there  was  imperfect  contact  with  the  electrodes;  if  the 
material  protruded  beyond  the  tubes  used  in  the  earlier  work,  so  that 
the  length  of  the  section  was  greater  than  that  of  the  containing  tube; 
if  too  great  pressure  was  exerted;  if  the  temperature  of  the  section 
was  reduced  below  the  normal — any  of  these  conditions  would  produce 
a  measurement  below  the  true  conductivity  value. 

Two  readings  of  each  section  were  made,  an  interval  of  one  minute 
being  allowed  between  the  successive  readings.  The  magnitude  of  the 
current  used  was  varied  according  to  the  resistance  of  the  individual 
section.  The  relation  of  the  area  of  the  cross  section  to  the  length 
of  the  section  of  each  type  of  tissue  was  kept  within  the  range  that 
experience  showed  would  give  the  most  favorable  minima  on  the 
telephone. 

Range  of  electrical  corvductiviiy  of  normal  rabbit  tissu^es.  The  accom- 
panying table  (table  5)  gives  the  average  measurements  of  the  electrical 
conductivity  of  tissues  from  91  normal  rabbits.  In  addition  to  these 
measurements  preliminary  studies  made  during  the  development  of  the 
technique,  bring  the  total  number  of  normal  rabbits  studied  to  over 
one  hundred. 

Besides  the  tissues  included  in  the  table,  measurements  have  been 
made  of  the  thyroid,  the  adrenals,  the  kidneys  and  the  spleen.  The 
variation  in  these  measurenxents  was  so  great  that  no  averages  for 
these  tissues  have  been  made  and  it  remains  to  discover  some  method 
by  which  accurate  measurements  of  these  tissues  and  increased  accuracy 
in  the  measurement  of  the  spinal  cord,  of  the  heart  and  of  voluntary 
muscle  may  be  secured. 

It  will  be  noted  that  with  the  exception  of  the  spinal  cord,  the  order 
of  magnitude  of  the  conductivity  values  of  the  tissues  included  in 
table  6  never  varied. 

It  was  the  initial  plan  to  establish  a  normal  range  of  the  conductivity 
of  the  various  tissues  to  be  used  as  the  basis  of  comparison  for  the  tissues 
of  all  subsequently  treated  animals.  Accident,  however,  showed  the 
futility  of  this  plan. 

Dining  the  period  in  which  groups  I  to  III  were  measured,  (November 
1918  to  February  1919)  the  animals  had  been  kept  in  airy,  cool  quarters 
in  the  country,  and  provided  with  an  open  air  run.  In  April  they  were 
removed  to  a  typical  animal  room  which,  although  well  lighted  and 
ventilated,  was  a  great  contrast  to  the  former  quarters.  The  effect 
upon  the  animals  which  were  transferred  is  indicated  by  the  measure- 
ments of  group  IV.    The  measurements  of  this  group  as  well  as  of  all 
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treated  animals  among  those  that  were  transferred  from  the  country 
quarters  have  been  discarded  since  the  great  discrepancy  between  these 
measurements  and  those  in  the  earlier  as  well  as  in  the  later  groups 
illustrates  most  strikingly  the  efifect  of  variations  in  environment, 
season,  etc.  In  this  instance  the  effect  of  moving  and  of  the  changed 
environment  was  sufficient  to  put  the  animals  in  the  abnormal  class, 
although  at  autopsy  no  sign  of  disease  could  be  discovered.  We  then 
began  securing  animals  from  a  dealer  in  the  country  in  small  groups 
so  that  the  measiu-ements  of  all  treated  animals  could  be  compared 
with  the  measurements  of  normal  animals  of  the  same  group. 

No  conclusions  have  been  drawn  from  findings  in  any  series  unless 
the  difference  between  the  electrical  conductivity  of  the  organ  in  the 

TABLE  6 

Range  of  electrical  conductivity  of  various  normal  rabbit  tissiies  arranged  in  the 
order  of  magnitude  of  their  conductivity  values 

Spinal  fluid 0.0164-0.0194 

Bile 0.0139-0.0164' 

Blood 0.00739-0.00852 

Voluntary  muscle 0.00580-0.00745 

Cerebrum 0.00161-0.00198 

Cerebellum 0.00126-0.00151 

♦Heart 0.00105-0.00117 

Liver 0.00061-0.00101 

Lung .0.00051-0.00071 

*  On  account  of  the  wide  range  of  the  individual  measurements  of  the  heart 
muscle  and  the  fact  that  in  our  earliest  series  its  conductivity  appeared  to  be 
higher,  its  place  in  this  table  may  be  questioned. 

treated  animal  and  the  average  measurement  of  the  normal  organ  in 
the  same  group  has  been  greater  than  the  established  average  deviation 
of  the  normal  measiu-ements  in  that  group. 

It  will  be  noted  that  throughout  these  researches,  there  has  been 
no  exception  to  what  appears  to  be  the  normal  relationship  between 
the  cerebrum  and  the  cerebellum  in  the  adult  animal;  i.e.,  in  every 
adult  animal  the  conductivity  of  the  cerebrum  has  been  greater  than 
that  of  the  cerebellum.  This  constant  relationship  was  observed  also 
by  Doctor  Obear  in  his  preliminary  studies.  In  order  to  discover 
whether  or  not  this  relation  is  a  characteristic  of  adult  life  only,  series 
of  fetuses  and  of  young  rabbits  were  measured,  and  the  significant 
observation  was  made  that  in  fetuses  and  immediately  after  birth  the 
conductivity  of  the  cerebellum  was  higher  than  that  of  the  cerebrum.    In 
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TABLE  7 

Relation  bettoeen  the  electrical  conductivity  of  the  cerebrum  and  of  the  cerebellum  in 

fetuses  and  in  young  rabbits 


CBRKBRUlf 

CKBBBBLLUlf 

LITBB 

Mother  I 

ooies 

00087 
00112 
00103 
00110 
00070 

00186 
00097 
00107 
00097 
00096 

0014S 
00109 
00086 
00104 
00076 
00096 
00092 

00103 
00096 

00122 
00130 

00135 
00107 

00111 
00132 
00127 

00145 
00183 

00126 

00125 
00137 
00113 
00119 
00136 

001S8 
00099 

00099 
00116 

00114 
00115 
00125 
00119 
00116 
00108 
00094 

00120 
00131 

00114 
00116 

00118 
00128 

00140 
00114 
00094 

00140 

00094 

Fetus  1 

00049 

2 

00046 

3 

4 

5 

00052 
00048 

Mother  II 

00090 

Fetus  1 

00033 

2 

00033 

3 

4 

00057 

Mother  III  (nearly  at  term) .... 
Fetus  1 

00099 
00048 

2 

00059 

3 

00037 

4 

00058 

5 

00039 

6 

00045 

Approximately  1-2  hours  old 
1 ; 

00081 

2 

00088 

24  hours  old 

1 

00072 

2 

00102 

32  hours  old 

1 

00046 

2 

00059 

4  days  old 

1 

00092 

2 

00072 

3 : 

00076 

6  days  old 

1 

00078 

2 

00075 
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TABLE  l-^anduied 


CEBEBRUU 

LITBB 

7  days  old 

1 

00165 
00156 

00159 
00176 

00171 
00172 

00188 
00195 

00149 
00162 

00167 
00132 

00122 
00120 

00158 
00147 

00068 

2 

00066 

10  days  old 

1 

00102 

2 

00061 

1  month,  20  dayis 

1 

00084 

2 

00062 

2-3  months 

1 

00118 

2 

00099 

most  of  the  fetuses  measured  the  conductivity  of  the  cerebellum  was 
as  high  as  in  the  average  adult,  while  the  conductivity  of  the  cerebrum 
in  the  fetus  and  in  the  newborn  rabbits  was  far  below  normal.  The 
rise  of  the  conductivity  of  the  cerebnmi  to  the  normal  level  apparently 
coincides  with  the  emerging  of  the  young  rabbit  from  the  nest  and  the 
inauguration  of  its  conscious  life  as  an  independent  individual  (table  7, 
chart  1).  As  will  be  noted  in  the  chart  and  table,  the  conductivity  of 
the  liver  of  the  fetus  is  far  below  that  of  the  normal  adult,  but  appar- 
ently rises  to  the  normal  level  at  birth.  It  should  be  noted  that  on 
account  of  the  very  small  size  of  the  fetal  cerebellum,  it  was  necessary 
to  use  a  special  electrode  and  minute  glass  tubes,  so  that  the  possibility 
of  error  in  the  measurements  of  the  cerebellum  was  greater  than  in  the 
case  of  the  cerebrum. 

An  interesting  corollary  to  these  observations  in  rabbits  may  be 
noted  here.  Permission  was  granted  for  securing  sections  of  the  brains 
of  two  patients  who  died  in  the  hospital  on  the  same  day.  One  died 
from  carcinoma  of  the  stomach  and  had  been  conscious  until  death; 
the  other  had,  been  unconscious  for  days  before  his  death,  which  was 
caused  by  a  brain  tumor. 

As  is  shown  by  table  8,  in  the  patient  conscious  until  death,  the 
conductivities  of  the  cerebrum  and  the  cerebellum  while  low,  undoubt- 
edly as  the  result  of  the  exhaustion  of  prolonged  disease,  nevertheless 
preserved  the  relationship  observed  in  all  our  adult  animals;  viz.,  the 
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Chart  1.  Progressive  changes  in  the  electrical  conductivity  of  the  brain  and 
the  liver  of  rabbits  from  just  before  birth  to  the  age  of  3  months. 

TABLE  8 
Comparison  hettoeen  the  relative  coriductivitiee  of  the  cerebrum  and  of  the  cerebellum 
oj  two  patients — one  conscioiM  until  death  and  one  uncor^cious  for  days  before  death 


' 

CXRBBBUM 

CBBBBELLUlf 

I.  Patient  conscious  until  death 

Section     I 

00143 
00120 
00136 

00139 
00135 
00134 

00116 

Section    II 

00116 

Section  III 

00107 

II.  Patient  imconscious  for  days  before  death 

Section     I 

00181 

Section    II 

00157 

Section  III 

00175 
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conductivity  of  the  cerebrum  was  higher  than  that  of  the  cerebellum. 
In  the  patient  who  had  been  unconscious,  this  relationship  was  reversed, 
the  conductivity  of  the  cerebellum  being  higher  than  that  of  the  cere- 
brum. It  will  be  noted*  also  that  in  this  case  the  value  of  the  conduc- 
tivity of  the  cerebellxmi  is  very  high. 

TABLE  9 
Relation  between  the  electrical  conductivity  of  the  gray  matter  and  of  the  white 

matter  of  the  cerebrum 


SECTION 

OBAT  UATTBR 

WHITB  MATTER 

1 

00213 

00117 

2 

00218 

00106 

3 

00209 

00116 

4 

00227 

00147 

6 

00215 

00133 

6 

00271 

00164 

7 

00202 

00139 

8 

00232 

00115 

9 

00260 

00160 

10 

00240 

00143 

«•         t»»         290        MO 


WMIT 

B   h 

*TT.« 

MAT 
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GR 
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Chart  2.  Comparison  of  the  electrical  conductivity  of  the  gray  and  of  the 
white  matter  of  the  cerebrum.     (Actual  measurements.) 

A  number  of  measurements  has  been  made  to  determine  whether 
or  not  there  is  a  regional  variation  in  the  conductivity  of  the  cerebnmi. 
While  these  preliminary  studies  are  suggestive,  the  only  result  which 
seems  sufficiently  established  to  be  noted  here  is  the  relation  between 
the  conductivities  of  the  gray  and  of  the  white  matter.  As  shown  by 
table  9  and  chart  2,  in  every  measurement  thus  far  made,  the  con- 
ductivity of  the  gray  matter  has  been  markedly  higher  than  that  of 
the  white  matter. 
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Effects  of  exhaustion  due  to  varying  causes  upon  the  elec- 
trical CONDUCTIVITY  OF  THE  BRAIN  AND  THE  LIVER.      In  Selecting  the 

types  of  exhaustion  to  be  included  in  this  research,  we  were  guided  by 
previous  researches  in  order  that  we  might  discover  whether  or  not 
any  measurable  relation  could  be  established  between  the  histological 
changes  observed  in  exhaustion,  in  particular  those  in  the  brain,  and 
the  electrical  conductivity.  That  this  correlation  might  be  fairly  made, 
we  have  been  constantly  guided  by  the  data  of  the  previous  researches 
in  the  treatment  of  the  animals,  dosage,  protraction  of  stimulation,  etc. 
/.  Insomnia.  Thirteen  Belgian  hares  of  weights  varying  from  1.414 
to  2.588  kgm.  were  kept  awake  continuously  for  96  hours.    During 

TABLE  10 
Effect  of  prolonged  insomnia — 96  hours — upon  the  weight  and  temperature  of  rahbita 


RABBIT 

INITIAL  WEIOBT 

PINAL  WBICHT 

INITIAL 

FINAL 

gm. 

gm. 

temp. 

ttmp. 

I 

2.588 

2.505 

30.6 

40.2 

II 

2.206 

1.605 

39.0 

38.8 

III 

2.283 

2.400 

39.6 

40.0 

IV 

2.243 

2.264 

39.0 

39.0 

V 

2.168 

2.215 

39.6 

39.6 

VI 

2.343 

2.421 

39.6 

39.6 

VII 

2.223 

2.321 

39.6 

39.2 

VIII 

1.730 

1.716 

39.0 

40.0 

IX 

1.828 

2.003 

39.2 

39.0 

X 

1.716 

1.778 

39.0 

39.0 

XI 

1.703 

1.630 

39.2 

39.0 

XII 

1.414 

1.473 

38.8 

41.0 

XIII 

2.348 

2.328 

39.8 

39.6 

this  time  they  were  confined  in  a  large  airy  room  and  were  given 
abundant  food  and  water.  The  animals  were  kept  awake  by  constant 
but  gentle  prodding;  they  were  not  hurt  in  any  way,  nor  at  any  time 
did  they  manifest  any  discomfort  beyond  their  attempts  to  settle  into 
comers  where  they  might  be  left  alone.  Most  of  the  animals  ate  and 
drank  freely  throughout  the  insomnia  period.  Table  10  gives  the 
weight  and  temperature  of  each  at  the  beginning  and  at  the  end  of  the 
period  of  insomnia. 

At  the  end  of  the  insomnia  period  four  of  the  rabbits  were  killed 
at  once  and  conductivity  measurements  made.  Four  were  put  into  a 
darkened  room  and  left  undisturbed  for  6  hours,  when  they  in  turn 


Digitized  by 


Google 


78 


G.  W.   CBIIiE,   H,   B.   HOSUEB  AND  A.   F.   BOWLAND 


1 

I 


I 

c 


c 


O 

§ 

.a 


&3 


ITiniON  R084  KOIX 


^'  <o  S 

+  +  + 


ucaa  Had 
NOiXTiAaa  aovHSAv 


o^  00  CO  a> 

>C»   «0  CO  CO 


fliYinNv  MO  HasicaN 


te  kO  10  -^ 


trif  HON  ROH4  KOIX 

•viAsa    xoiXKaoHad 


u  CD  1-H  10 

S.         ill 


XMSO  Had 
KOIXYIAXa  aOVHSAT 


imTiaflaHao 


00    00    1-H    O 

d  '^"  CO  CO 


y^  w^  w^  w^ 

8888 


vrriiiNv  Ao  HaanaN 


CO  <^  10  <^ 


IVICHON  If  OHd  NOLL 

-viAaa    aiixNaavad 


CO  »o  "^ 
CM  ^  i>I 

I  I  + 


XNa3  Hid 

NOiXTiAsa  aovHaAV 


^<^  cs  10  o 


HaHsanaa 


nrinNv  ao  HasimN 


Co  ^  »o  ^ 


£1 

£3    c8  jO 


Digitized  by 


Google 


ELECTRICAL  CONDUCTIVITy  OF  ANIMAL  TISSUES 


79 


were  killed  and  conductivity  measurements  made.  The  remaining 
four  were  kept  imdisturbed  for  from  7  to  14  days. 

The  average  conductivities  of  the  cerebrum,  cerebellum  and  liver 
in  each  of  these  groups  are  shown  in  table  11  and  chart  3. 

//.  Fright  and  exertion.  Each  of  six  rabbits  was  frightened  imtil 
exhausted  by  a  dog  which  kept  them  in  a  state  of  intense  nervous 
excitement  by  barking  and  thwarted  attacks  imtil  they  were  prostrated 
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Charts.  Comparison  of  the  immediate  effect  of  prolonged  insomnia  on  the 
electrical  conductivity  of  the  brain  and  of  the  liver  with  the  effect  of  short  and 
of  prolonged  periods  of  rest.    (Percentile  variations  from  normal.) 

by  the  resultant  exhaustion.    The  effect  upon  the  conductivity  of  the 
brain  and  the  liver  is  shown  in  table  12  (a). 

///.  Adrenalin — repeated  doses.  Repeated  doses — 2  to  3 — of  1-1000 
adrenalin  (P.  D.  &  Co.)  were  given  to  each  of  8  rabbits  at  intervals  of 
from  10  to  20  minutes  according  to  the  degree  of  reaction.  The  average 
dose— intravenous — ^was  0.4  cc.  per  kgm.*;  to  two  rabbits  twice  this 
dose  was  given  intramuscularly.  Typical  changes  in  pulse  and  respira- 
tion were  produced  in  each  animal  with  ultimate  prostration.  The 
conductivity  changes  are  shown  in  table  12  (e). 
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IV.  Surgical  shock.  Each  of  six  rabbits  was  subjected,  under  ether, 
to  severe  trauma  of  the  intestines  and  abdominal  walls  for  periods  of 
from  30  to  45  minutes.  The  resultant  conductivity  changes  are  shown 
in  table  12  (c). 

y.  Prolonged  ether  and  prolonged  nitrous  oxid  anesthesia.  Six  rabbits 
were  subjected  to  4  hours'  continuous  ether  anesthesia;  and  six  to 
continuous  nitrous  oxid  anesthesia  of  the  same  duration  with  resultant 
conductivity  changes  which  are  shown  in  table  12  (h)  and  (i). 

VI.  Thyroid  feeding.  Six  rabbits  in  fine  general  condition  and  of 
approximatdy  equal  weight  were  each  given  5  grains  of  thyroid  extract 
daily  for  3  weeks.  All  but  one  showed  at  jBirst  a  loss  of  appetite,  with 
a  later  increased  appetite  but  a  continued  loss  of  weight.  With  the 
exception  of  the  one  referred  to  above,  which  seemed  to  thrive,  the 
fur  of  all  became  rough  and  coarse  in  appearance  and  was  shed  abund- 
antly; they  became  nervous  and  excitable;  the  eyes  were  staring  in 
appearance;  the  skin  felt  hot  to  the  touch  although  the  clinical  thermo- 
meter showed  no  change  in  temperature.  In  brief,  the  animals  mani- 
fested the  typical  signs  of  thyroid  intoxication.  The  probable  reason 
for  the  exception  of  the  one  rabbit  noted  above  appeared  at  autopsy, 
which  showed  a  minute  and  pale  thyroid  gland  as  compared  with 
enlarged  vascular  glands  in  each  of  the  others. 

The  losses  of  weight  in  each  animal  were  as  follows:  18  per  cent, 
29  per  cent,  15  per  cent,  36.6  per  cent,  with  a  loss  of  but  4.5  per  cent 
in  the  exceptional  one.  One  animal  died  after  2  weeks,  with  a  loss  in 
weight  of  33.8  per  cent.  At  the  termination  of  3  weeks  the  animals 
were  killed  and  conductivity  measurements  made  (table  12  (f)).  It 
should  be  noted  that  in  this  group  the  thyroid  feeding  was  protracted 
until  the  stage  of  exhaustion  had  been  reached.  Earlier  effects  are 
described  in  a  later  section. 

VII.  Hydrochloric  add.  In  each  of  four  rabbits  1  cc.  of  hydrochloric 
acid — 10  per  cent — was  injected  in  the  femoral  vein.  Each  showed  an 
immediate  reaction  registered  in  circulatory  and  respiratory  changes, 
convulsive  movements  and  prostration.  The  animals  were  killed  in 
from  four  to  twelve  minutes  after  the  injection  and  conductivity 
measurements  made  (table  12  (g)). 

VIII.  Strychnin.  On  accoimt  of  the  wide  variation  in  the  response 
of  individual  rabbits  to  strychnin,  in  this  series  in  which  it  was  desired 
to  produce  a  massive  effect  the  dosage  varied  from  the  just  tetanic 
(0.155  mgm.  per  kgm.  intravenous,  SoUman)  to  the  just  fatal  (0.36  mgm. 
per  kgm.  intravenous,  SoUman),  the  dose  being  repeated  if  required  to 
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produce  sufficient  reaction.  Five  animals  were  included  in  the  series. 
In  each  a  reaction  varying  from  a  general  tremor  to  severe  convulsions 
was  produced. 

While  on  accoimt  of  the  variation  in  dosage  and  clinical  results  this 
is  not  considered  a  satisfactory  series,  the  contrast  in  the  conductivity 
findings  to  those  in  a  subsequent  series  in  which  the  incipient  effects 
were  noted,  is  so  marked  that  the  series  has  been  included.    (Table 

12,  a)). 
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Chart  4.  Effects  of  exhaustion  due  to  varying  causes  upon  the  electrical  con- 
ductivity of  the  brain  and  liver.  (Percentile  variations  from  the  normal.)  Note 
that  in  only  one  instance — infection — is  the  conductivity  of  the  liver  decreased : 
in  thyroid  feeding  the  average  conductivity  of  the  liver  was  unchanged. 

Summary.  A  study  of  table  12  and  chart  4  shows  that  in  each  type 
of  exhaustion  there  included  the  conductivity  of  the  cerebnmi  and  of 
the  cerebellum  was  diminished  and  the  conductivity  of  the  liver  was 
increased  except  in  exhaustion  due  to  thyroid  feeding  in  which  case 
the  average  conductivity  of  the  liver  was  imchanged  from  the  normal. 
Chart  5  shows  that  with  the  exception  of  exhaustion  produced  by 
adrenalin  injection  and  by  prolonged  nitrous  oxid  anesthesia,  in  every 
instance  the  average  conductivity  of  the  cerebrum  in  exhaustion  fell 
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beyond  the  lowest  individual  normal  measurement  included  in  the 
normal  group  with  which  comparison  is  made.  If  one  allows  for  the 
average  deviation  of  the  cerebellum  and  of  the  liver  in  both  the  ex- 
hausted and  the  normal  animal,  in  certain  instances  the  apparent  change 
in  exhaustion  falls  within  those  limits,  nevertheless  the  marked  down- 
w|trd  tendency  in  the  cerebrum  and  the  cerebellum,  and  the  upward 
tendency  in  the  liver  are  obvious,  as  is  shown  also  in  chart  5  in  which 
are  charted  the  actual  average  deviations  from  the  normal  for  all 
measurements  in  which  normal  group  III  was  the  basis  for  comparison. 
Incipient  effects  of  exhaustion-producing  agents  on  the  elec- 
trical CONDUCTIVITY  OF  THE  BRAIN  AND  THE  LIVER.  Prcvious  re- 
searches and  clinical  observations  had  indicated  the  presence  of  an 
incipient  stage  of  shock  marked  by  hyperchromatism  of  the  brain  cells 


SURGICAL    SHOCK 
mPHTMCRlA    TOMIN 

adremalin 

thyhoiD  feeding 

acid  injection 

CTHCR  4  HOURS 
NITROUS  OXID  4   HR5 


Chart  5.  Changes  in  the  electrical  conductivity  of  the  brain  and  of  the  liver 
in  exhaustion  from  various  causes.  (Actual  deviations  from  the  normal.)  Note 
the  vertical  dotted  lines  which  indicate  the  average  deviation  of  each  tissue 
from  the  normal  average  indicated  by  the  solid  vertical  lines. 

as  compared  with  hypochromatism  after  shock  had  become  established. 
To  determine  whether  or  not  a  corresponding  early  increase^  in  the 
electric  conductivity  of  the  brain  precedes  the  ultimate  decreased 
conductivity  after  the  state  of  exhaustion  or  shock  is  established,  a 
number  of  studies  of  the  incipient  eflfects  of  some  of  the  shock-producing 
agents  noted  above  was  made. 

/.  Incipient  effects  of  intense  trauma.  Under  light  ether  anesthesia 
two  groups  of  rabbits  were  subjected  to  extreme  shock-producing 
manipulations  for  periods  of  1  and  of  5  minutes  respectively.  They 
were  killed  immediately  and  electric  conductivity  measurements  made 
(table  13  (a),  chart  6). 

Incipient  effects  of  strychnin.  Each  of  five  rabbits  was  given  a  fatal 
dose  (0.36  mgm.  per  kgm.)  intravenously  and  killed  1  minute  after 
the  injection  (table  13  (d)  chart  6). 
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Chart  6.  Comparison  of  the  incipient  and  late  effects  of  stimulation  by  various 
agents  on  the  electrical  conductivity  of  the  brain  and  of  the  liver.  (Percentile 
variations  from  the  normal.) 
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thesia on  the  electrical  conductivity  of  the  brain  and  the  liver.  (Percentile 
variations  from  the  normal.) 
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IndpierU  effects  of  adrenalin.  Each  of  three  rabbits  was  given  an 
intravenous  injection  of  0.4  cc.  per  kg.  of  1-1000  adrenalin  (P.  D.  & 
Co.)  and  killed  1  minute  later  (table  13  (e)  chart  6). 

Incipient  effects  of  ether  and  of  nitrons  oxid  anesthesia.  To  one  of  two 
groups  of  rabbits  ether  was  administered  for  from  2  to  5  minutes; 
nitrous  oxid  being  administered  to  the  other  group  for  like  periods. 
Each  animal  was  killed  just  at  the  termination  of  the  first  stage  of 
anesthesia — the  stage  of  excitement  (table  13  (b  and  c)  chart  7). 

Diphtheria  toxin.  To  various  groups  of  rabbits  twice  the  lethal 
dose  of  diphtheria  toxin  (P.  D.  &  Co.)  was  given  intravenously,  the 

TABLE  14 
Progressive  effects  of  the  injection  of  diphtheria  toxin  upon  the  electrical  conduc- 
tivity of  the  hrain 


DATE  or 

EXPERIMENT 


6/lB~6/g7/19 
6/2-^/4/19 
6/2-^/4/19 
5/27-^/29/19 
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animals  being  killed  at  intervals  varying  from  5  minutes  to  1  hour 
after  the  dose  was  received — the  progressive  effects  are  shown  in 
table  14  and  in  chart  8. 

Summary.  With  every  exhaustion-producing  agent  studied,  the 
initial  efifect  was  an  increased  conductivity  of  the  cerebrum  followed 
by  a  decrease  to  below  the  normal  when  the  stage  of  exhaustion  was 
reached.  The  early  efifect  of  stimulation  upon  the  cerebellum  ap- 
peared to  vary,  but  a  study  of  the  clinical  behavior  of  the  animals, 
especially  of  the  initiation  of  the  respiratory  and  circulatory  changes, 
together  with  an  examination  of  the  individual  measurements,  would 
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seem  to  indicate  that  a  like  unvarying  rule  exists  in  the  case  of  the 
cerebellum,  but  that  the  protraction  of  the  incipient  stage  is  shoHer 
than  in  the  case  of  the  cerebrum.  Many  additional  experiments  are 
required  to  establish  this  point. 

A  study  of  the  individual  measurements  of  the  liver  would  appear 
to  indicate  an  immediate  tendency  to  decrease  followed  by  an  in- 
crease to  above  the  normal. 
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Chart  8.  The  incipient  and  later  effects  of  the  injection  of  diphtheria  toxin  on 
the  electrical  conductivity  of  the  brain .    (Percentile  variations  from  the  normal.) 

The  effects  of  diphtheria  toxin  in  the  presence  of  morphin 
on  the  electrical  conductivity  of  the  brain  and  liver.  the 
control  of  infection  by  morphin,  so  strikingly  illustrated  by  the  Alonzo 
Clark  treatment  of  peritonitis,  and  the  comparison  of  the  histologic 
effects  of  diphtheria  toxin  alone  and  in  the  presence  of  morphin,  led  us 
to  perform  a  series  of  experiments  to  determine  whether  or  not  the 
protective  effect  of  morphin  would  be  manifested  by  any  diminution 
of  the  conductivity  changes  produced  by  diphtheria  toxin  alone. 
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Coincidently  with  the  series  of  experiments  described  above  in  which 
the  rabbits  were  killed  4  hours  after  the  intravenous  injection  of  twice 
the  lethal  dose  of  diphtheria  toxin,  to  each  of  another  group  5  grains 
of  morphin  were  given  hypodermically  in  two  doses,  1  hour  apart; 
twice  the  lethal  dose  of  diphtheria  toxin  being  given  intravenously 
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Chart  9.  Comparative  effects  of  the  injection  of  diphtheria  toxin  alone  and  in 
the  presence  of  morphin  on  the  electrical  conductivity  of  the  brain  and  the  liver. 
(Percentile  variations  from  the  normal.) 

15  minutes  after  the  second  dose  of  morphin  was  received.    The  animals 
were  killed  4  hours  after  receiving  the  diphtheria  toxin. 

To  each  of  a  third  group  morphin  alone  was  administered  as  above, 
and  the  animals  killed  4  hours  after  the  second  dose.  The  conductivity 
measurements  are  given  in  table  15,  and  illustrated  in  chart  9. 
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Effects  of  thyroid  feeding,  of  iodin  and  of  adrenalin  in  the 
presence  of  each,  upon  the  electric  conductivitt  of  the  brain 
AND  THE  LIVER.  In  a  preceding  section  we  have  shown  that  the  late 
effects  of  thyroid  feeding  are  identical  with  the  late  effects  of  other 
exhaustion-producing  agents. 

Three  later  series  of  experiments  were  performed  to  discover  the 
earlier  effects  of  thyroid  feeding  and  what  if  any,  effect  upon  the  con- 
ductivity of  the  brain  is  produced  by  adrenalin  in  the  presence  of 
th3rroidism,  or  of  iodism. 

The  results  of  these  series  are  shown  in  tables  16  and  17  and  in  charts 
10  and  11,  in  which  have  been  included  also  for  ready  comparison  the 
effects  of  th3rroid  feeding  to  the  point  of  exhaustion,  and  the  immediate 
effect  of  the  injection  of  adrenalin. 

The  animals  included  in  table  16,  series  II  and  III,  and  chart  10 
had  been  given  2  to  3  grains  of  thyroid  extract  daily  for  a  period  of 
4  weeks.  It  will  be  noted  that  while  th3rroid  extract  alone  increases 
the  conductivity  of  the  cerebrum  and  of  the  cerebellum,  the  injection 
of  adrenalin  in  the  thyroid-fed  animals  produced  a  tendency  to  return 
toward  or  below  the  normal. 

In  table  17  and  chart  11  the  same  contrast  in  the  effects  of  iodoform 
and  of  iodoform  plus  the  injection  of  adrenalin  upon  the  conductivity 
of  the  cerebrum  and  of  the  cerebellum  will  be  noted;  i.e.,  iodoform  alone 
increases  the  conductivity  of  the  brain,  this  effect  tending  to  be  neu- 
tralized by  adrenalin. 

Each  of  the  animals  in  the  iodoform  series  had  received  an  intra- 
peritoneal injection  of  75  grams  of  iodoform  introduced  through  a 
small  abdominal  opening.  The  incision  was  closed  and  the  animals 
killed  on  the  following  day.  Each  showed  febrile  phenomena.  There 
was  an  early  rise  of  temperature  of  from  0.4  to  1.3®C.  which  was  per- 
sistent in  all  but  three  of  the  cases;  in  those  three  the  temperature 
dropped  to  from  0.1  to  l.O^C.  below  the  initial  temperature. 

That  the  increased  conductivity  produced  by  iodoform  cannot  be 
due  to  the  permeation  of  the  tissues  by  the  iodine  is  shown  in  series  II, 
table  17,  in  which,  while  the  conductivity  of  the  cerebrum  and  of  the 
cerebellum  is  markedly  increased,  the  conductivity  of  the  liver  is 
practically  unchanged. 

An  essential  corollary  to  these  experiments  would  be  the  measure- 
ment of  the  conductivity  of  the  brain  in  thyroidectomized  animals 
after  the  injection  of  iodoform. 
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Opposite  effects  of  acid  and  of  alkali  injection  upon  the 

ELECTRICAL  CONDUCTIVITY  OF  THE  BRAIN  AND  THE  LFVER.      In  Cach  of 

6  rabbits  10  cc.  of  a  saturated  solution  of  sodium  bicarbonate  were 
slowly  injected  through  the  marginal  ear  vein.  Each  animal  was 
killed  2  hours  after  the  injection  and  sections  taken  for  conductivity 
measurements. 
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Chart  10.  Changes  in  the  electrical  conductivity  of  the  brain  and  of  the  liver 
produced  by  thyroid  feeding  and  by  thyroid  feeding  plus  the  injection  of  adren- 
alin.    (Percentile  variations  from  the  normal.) 

As  will  be  seen  in  table  18  and  chart  12,  the  injection  of  sodiiun 
bicarbonate  increased  the  conductivity  of  the  brain  and  decreased  the 
conductivity  of  the  liver,  while  the  injection  of  hydrochloric  acid,  as 
described  in  a  preceding  section  of  this  report,  decreased  the  con- 
ductivity of  the  brain  and  increased  the  conductivity  of  the  liver. 

Miscellaneous  group — showing  the  effects  of  various  agents 
UPON  THE  electric  CONDUCTIVITY  OF  THE  BRAIN.    In  this  scctiou  are 
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included  a  number  of  preliminary  studies.  No  comment  is  made,  as 
they  should  be  extended  before  any  conclusions  can  be  drawn.  The 
indications  are  sufficiently  shown  in  tables  19  and  20.^ 

I,  Magnesium  sulphate — calcium  chloride.  To  each  of  four  rabbits 
6  cc.  per  kgm.  of  a  25  per  cent  solution  of  magnesium  sulphate  was 
given  intramuscularly.    The  animals  were  killed  one-half  hour  after 
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Chart  11.  Changes  in  the  electrical  conductivity  of  the  brain  and  of  the  liver 
produced  by  iodoform  and  by  iodoform  plus  injection  of  adrenalin.  (Percentile 
variations  from  the  normal.) 

the  anesthesia  was  complete  and  sections  taken  for  conductivity 
measurements. 

To  each  of  another  group  of  four  rabbits  a  like  dose  of  magnesium 
sulphate  was  given,  followed,  one-half  hour  after  anesthesia  was  com- 
plete, by  the  intravenous  injection  of  8  cc.  (per  kgm.)  of  a  3  per  cent 

^  Sollman's  Laboratory  Guide  in  Pharmacology  was  used  as  a  guide  in  deter- 
mining the  dosage  in  each  group  of  experiments  included  in  this  section. 


Digitized  by 


Google 


ELECTRICAL  CONDUCTIVITT  OP  ANIMAL  TISSUES 


95 


lYRHON  KOa<  KOIA 


00 
CO 

I 


XNX3  HtZd 
NOIXYXAia  aOVHXAV 


g 


snvniNv  40  aaaKaN 


ivimoN  Hoa<  Moii 
-viavA    aniXNaoaad 


S        CO 

^    + 


I 


•3 


AKaa  aad 
KOiiviAaa  aovaaAv 


^  CO 


KaTxaaaaaa 


•5  S 
8S 


aivifiMV  Jio  aaavinK 


00  CO 


oTiraoN  Hoaj  NOix 
-viaTA   aiiXNaoaad 


8         CO 

k    + 


3.2 
5  3 


•LNao  Had 
KOixviAaa  aovaaAV 


nnaeaaao 


1 
■§ 


■| 


viviuNT  SO  aaaiiaN 


1^ 

is 

H 

S 


^  csi 


"^1 


00 


•0  l> 

«c)  ci 


CO   "^J* 

88 


»0 


8S     8S 


^  a> 


oo   O  ^00 

^5.     ^-^ 


^1 

^    CO  >1    rH 


i 

lO  C4 

TTiraOM  KOad  KOIX 

1-H    ^ 

•viAaa  aniXMaaaaa 

& 

+  1 

xaasaad 

•0  t^  00 

KOixTiAaa  aovaaAT 

CO  ^  »o 

§  s  s 

•§ 

aaAii 

ill 

1 

OTvniKV  do  aaaimic 

i^  "^  eo 

g 

3 

? 

»H    Oi 

'i 

ovKaoN  Roaa  noix 

8 

eo  t^ 

i 

1 

+   1 

1 

XNao  aad 

•0    CS|    1-4 

NOixriAaa  aoyaaAV 

«)  C4  C4 

« 

J 

sggs 

t 

xaTiaaaaaa 

88§ 

vivnmv  do  uaanaM 

00  eo  '^ 

'S 

1. 

} 

CO   '^ 

o 

ivitaoM  Koad  KOIX 

.     00  ^ 

S 

-viAaa    aiixNaoaad 

1 

1     1 

•5* 

2   *« 

XNaoaad 

05    CI 

r^  « 

NoixviAaa  aovaaAV 

>«•    1-i 

a  2 

SSP 

<  J 

nnaeaaao 

888 

'^ 

id 

eo 

g 

snvFiiKV  do  aaannx 

00  •*   ■* 

;3 

Sb 



§ 

1 

Jl 

•o* 

a    'g 

5 

o 

e 

s  '^ 

«^ 

t 

•3       + 

V 

a 

6 

5   '•  ^ 

US 

v^ 

!%    U  M 

.60 

S2 

o 

g 

ta 

ta 

«»  CI 

"i 

9 

--^  ■*— 

b 

•»  CI 

s 

Digitized  by 


Google 


96 


G.   W.   CRILE,   H.   R.   HOSMER  AND  A.   F.   ROWLAND 


solution  of  calcium  chloride.  In  each  case  the  animal  became  com- 
pletely conscious  almost  immediately  after  the  calcium  chloride  injec- 
tion.   It  was  killed  at  once  and  conductivity  measurements  made. 

The  contrasting  results  in  the  two  series  are  shown  in  table  19. 

II.  Calomel.  To  each  of  three  rabbits  2  cc.  (per  kgm.)  of  a  0.5  per 
cent  solution  of  calomel  in  sodium  thiosulphate  was  given  hypoder- 
mically.  The  animals  were  killed  24  to  30  hours  later.  Each  showed 
marked  diuresis  and  diarrhea,  with  some  salivation  (table  20  a). 
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Chart  12.  Opposite  effects  of  the  injection  of  an  acid  and  of  an  alkali  on  the 
electrical  conductivity  of  the  brain  and  of  the  liver.  (Percentile  variations  from 
the  normal.) 

III.  Caffein.  (a)  To  each  of  5  rabbits  4  cc.  (per  kgm.)  of  a  1  per 
cent  solution  of  caffein  was  given  intravenously.  Each  showed  extreme 
toxic  effects  and  died  within  10  to  15  minutes. 

(b)  To  each  of  four  rabbits  1  to  2  cc.  (per  kgm.)  of  the  1  per  cent 
caffein  solution  was  given  hypodermically  in  two  successive  doses 
about  10  minutes  apart,  the  interval  determined  by  the  cUnical  effects. 
These  showed  less  marked  but  positive  clinical  effects  terminating  in 
milder  convulsions.  The  animals  were  killed  when  the  convulsions 
appeared. 

(c)  To  each  of  five  rabbits  two  or  three  doses  as  in  the  last  preceding 
series  were  given  and  the  animals  kept  until  the  following  day,  when  a 
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final  dose  was  given  and  the  animal  killed  during  the  resultant 
convulsion. 

The  average  effects  of  the  caffein  upon  the  electrical  conductivity  of 
the  animals  in  each  of  these  groups  is  shpwn  in  tabid  20  b. 

IV.  Sodium  bromid.  Twfelve  rabbits  were  divided  into  5  groups 
and  given  sodium  bromid  (3  gm.  per  kgm.)  through  a  stomach  tube 
in  single  or  repeated  doses,  as  follows: 

Group  1,  3  rabbits,  1  dose — ^killed  after  1  hour. 

Group  2,  3  rabbits  2  doses — 1  hour  apart — killed  1  hour  after  last  dose. 

Group  3,  2  rabbits,  1  dose — killed  15-16  hours  later. 

Group  4,  2  rabbits,  1  dose  on  each  of  two  successive  days — killed  1  hour  after 
second  dose. 

Group  5,  2  rabbits,  1  dose  on  each  of  4  successive  days — killed  1  ^our  after 
last  dose. 

The  average  effects  upon  the  electric  conductivity  of  the  brains  of 
the  animals  in  each  group  are  shown  in  table  20  c. 

V.  Cocaine,  (a)  To  each  of  4  rabbits  1.2  cc.  (per  kgm.)  of  a  5  per 
cent  solution  of  cocaine  was  injected  intravenously.  The  injection 
was  followed  by  a  mild  convulsion  followed  by  complete  relaxation. 
The  animals  were  killed  in  from  one-half  to  three-quarters  of  an  hour 
after  the  dose  was  received. 

(b)  To  each  of  two  rabbits  2  cc.  (per  kgm.)  of  a  5  per  cent  solution 
of  cocaine  was  injected  intramuscularly,  and  the  animals  killed  one 
hour  later  (table  20  d). 

Measurements  op  the  electric  conductivity  op  pathological 
HUMAN  tissues.  In  view  of  the  finding  of  Loeb,  Lillie,  McClendon 
and  other  physical  chemists  that  the  permeability  of  the  ovum  is 
increased  by  fertilization,  and  the  indication  of  their  researches  and 
our  own  that  any  alteration  in  function  of  the  cells  is  attended  by  an 
alteration  in  their  electric  conductivity,  one  would  infer  that  the 
electric  conductivity  of  tissues  in  which  the  cells  are  in  as  active  a 
state  as  in  cancerous  tissue  would  be  higher  than  the  electric  con- 
ductivity of  normal  tissue.  We  therefore  included  in  our  research 
measurements  of  the  electric  conductivity  of  malignant  and  benign 
tumors  and  of  various  precancerous  conditions. 

In  this  study  we  have  measured  219  sections  from  159  cUnical  cases. 
These  have  included  malignant  and  benign  tumors  of  the  breast  and 
of  the  uterus,  ulcer  and  carcinoma  of  the  stomach,  carcinoma  of  the 
rectum,  malignant  and  benign  tumors  of  the  mouth,  jaws,  and  neck, 
x-ray  burns  and  various  types  of  goiters — hyperplasia,  fetal  adenoma, 
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multiple  adenoma,  toxic  adenoma,  exophthalmic  goiter,  simple  colloid 
goiter,  thjrroiditis.  Whenever  possible  adjacent  normal  tissue  has  been 
measured  for  comparison.  The  pathological  diagnosis  and  differenti- 
ation of  different  types  of  tissue  in  single  specimens  were  made  by  the 
pathologist  of  the  surgical  section  at  Lakeside  Hospital. 

Among  the  goiters  the  highest  conductivities  were  found  among  the 
adenomata.  Variations  in  conductivity  are  well  illustrated  by  the 
following  measurements  of  a  goiter,  one  portion  of  which  was  malignant. 
Three  specimens  from  this  gland  gave  the  following  measurements: 


caMMaiTMrv*    ■M(k<«    c-rAfra 


mimpvf   psMMiArM*  i 
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Chart  13.  Comparison  in  seven  cases  of  the  electrical  conductivity  of  the  com- 
paratively normal  or  inactive  portions  of  a  thyroid  gland  with  the  conductivity 
of  the  rapidly  growing  or  degenerating  portion  of  the  same  gland.  (Actual  meas- 
urements.) 

colloid  portion,  0.00124;  early  degeneration,  0.00159;  rapidily  growing 
portion,  0.00346. 

The  highest  conductivities  were  found  in  the  degenerating  adenomata 
and  the  malignant  thyroids;  the  conductivities  of  the  hjrperplastic 
thyroids  were  lower;  and  the  conductivities  of  the  colloid  goiters  were 
the  lowest  of  any  of  the  pathological  tissues  studied. 

In  all  instances  in  which  comparative  measurements  were  made  the 
conductivity  of  the  malignant  growth  was  higher  than  that  of  a  normal 
portion  of  the  same  organ,  as  is  illustrated  by  the  following  examples 
(charts  13  to  15): 
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Sarcoma  of  the  uterus: 

Comparatively  normal  portion 0.00367 

Sarcomatous  portion 0.00550 

Mixed  tumor  of  parotid: 

Comparatively  normal  gland 0.00153 

Malignant  portion  (2  sections) fo. 00022 

10.01068 

Carcinoma  of  the  breast: 

Comparatively  normal  portion 0.00225 

Carcinomatous  portion 0.00581 

Carcinoma  of  the  pylorus: 

Normal  mucosa ^.0. 00126 

Base  of  growth 0.00469 

In  the  light  of  these  comparisons  the  followmg  measurements  of 
the  conductivities  of  x-ray  bums  and  of  the  adjacent  normal  tissues 
are  significant  (chart  16). 

Case  I.    Normal  tissue,  0.00103;  x-ray  bum,  0.00717. 
Case  II.  Normal  tissue,  0.00151;  x-ray  bum,  0.00366. 

The  outer  growing  parts  of  cancers  showed  a  high  conductivity  in 
contrast  with  the  conductivity  of  the  central  non-growing  parts. 

Carcinoma  of  the  thyroid: 

Center  of  growth 0.00101 

Periphery % 0.00628 

Carcinoma  of  the  tUerus: 

Center  of  growth 0.00403 

Periphery 0.00658 

SUMMARY  AND  CONCLUSIONS 

1.  In  an  attempt  to  determine  the  specific  electric  conductivity  of 
various  normal  animal  tissues  and  whether  or  not  variations  in  function 
are  accompanied  by  measurable  changes  in  their  electric  conductivity, 
4764  sections  from  455  rabbits  and  219  sections  of  pathological  human 
tissues  have  been  measured. 

2.  The  specific  normal  conductivity  of  the  cerebnmi,  cerebellum  and 
liver  can  be  estimated  within  a  narrow  range;  while  the  normal  con- 
ductivity of  other  tissues  can  be  estimated  within  a  sufficiently  narrow 
range  to  determine  the  order  of  their  relative  conductivities. 

3.  The  spinal  fluid  has  the  highest  conductivity  of  any  of  the  tissues 
studied,  the  liing  and  the  liver  the  lowest. 

THB  AUEBICAN  JOUBNAL  OV  PHT8IOLOGT,  VOL.  60,  NO.   1 
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4.  The  order  of  the  conductivities  of  the  following  tissues  was  un- 
changed in  all  the  animals  studied  with  the  exception  noted  in  (6); 
viz.,  spinal  fluid,  bile,  blood,  voluntary  muscle,  cerebrum,  cerebellum, 
liver,  lung.  In  a  limited  number  of  observations  the  conductivity  of 
the  heart  fell  between  that  of  the  cerebellum  and  the  liver,  but  on 
accoimt  of  the  wide  range  of  the  individual  measurements,  this  can- 
not be  considered  as  established. 

5.  The  conductivity  of  normal  tissues  appears  to  vary  according 
to  the  season  and  the  general  environment. 

6.  In  every  normal  adult  animal  studied  the  conductivity  of  the 
cerebrum  was  higher  than  the  conductivity  of  the  cerebellum.  In 
fetuses  and  in  very  young  rabbits  this  relation  was  reversed — the 
conductivity  of  the  cerebellum  being  higher  than  the  conductivity  of 
the  cerebrum  until  about  the  time  when  the  young  rabbit  left  the  nest 
and  began  voluntary  activities,  when  the  normal  adult  conductivity 
relation  of  the  cerebrum  and  the  cerebellum  appeared  to  be  estab- 
lished. A  most  significant  corollary  to  this  observation  was  found  in 
the  post-mortem  examination  of  the  brains  of  two  patients,  one  of  whom 
died  after  days  of  imconsciousness  resulting  from  a  brain  tumor,  while 
the  other  who  died  from  carcinoma  of  the  stomach,  was  conscious  to 
the  end.  In  the  patient  who  had  been  imconscious,  the  conductivity 
of  the  cerebellum  was  higher  than  thai  of  the  cerebrum.  In  the  other 
patient,  as  in  all  our  normal  animals,  the  conductivity  of  the  cerebrum 
was  higher  than  that  of  the  cerebellum. 

7.  The  conductivity  of  the  gray  matter  of  the  brain  is  higher  than 
that  of  the  white  matter. 

8.  Exhaustion  from  any  cause — surgical  shock,  insomnia,  emotion 
(fright),  infection,  etc. — is  marked  by  a  diminished  conductivity  of  the 
brain  and  an  increased  conductivity  of  the  liver. 

9.  The  immediate  effect  of  activation  appears  to  be  an  increased 
conductivity  of  the  brain,  tending  later  to  decrease  as  the  stage  of 
exhaustion  approaches.  As  the  charts  indicate,  this  has  been  shown 
to  be  an  immediate  effect  of  physical  injury;  an  early  effect  of  the 
injection  of  diphtheria  toxin;  an  immediate  effect  of  the  injection  of 
adrenalin. 

10.  Thyroid  feeding  in  large  doses  over  a  prolonged  period  produces 
the  typical  S3rmptoms  of  hyperthyroidism  with  ultimate  exhaustion 
accompanied  by  the  changes  in  the  conductivity  of  the  brain  typical 
of  exhaustion  from  any  other  cause;  i.e.,  the  conductivity  of  the  cere- 
brum and  cerebellum  is  decreased. 
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11.  Thyroid  feeding  in  moderate  doses  until  the  symptoms  of  hyper- 
thyroidism appear  but  not  to  the  stage  of  exhaustion  produces  con- 
ductivity changes  in  the  brain  typical  of  the  stage  of  stimulation  pro- 
duced by  other  agents;  i.e.,  increased  conductivity  of  the  brain  and 
decreased  conductivity  of  the  Uver.  These  changes  were  diminished 
or  reversed  by  the  administration  of  adrenalin. 

12.  Iodoform  increases  the  conductivity  of  the  brain  and  the  liver. 
These  changes  are  reversed  by  adrenalin. 

13.  The  injection  of  hydrochloric  acid  produced  diminished  cor^ 
diLctivity  of  the  cerebellum  and  cerebrum  and  increased  cfyndudivity  of 
the  liver.  The  injection  of  sodium  bicarbonate  produced  increased 
conductivity  of  the  cerebellum  and  cerebrum  and  decreased  conductivity 
of  the  liver. 

14.  Rabbits  were  kept  awake  continuously  for  96  hours.  At  the 
end  of  this  period  a  number  were  killed  and  conductivity  measure- 
ments made;  others  were  allowed  a  brief  period  of  rest  of  from  four 
days  to  a  week.  At  the  end  of  the  insomnia  period  the  condv4Aiviiy 
of  the  brain  was  decreased  and  the  conductivity  of  the  liver  was  in- 
creased; at  the  end  of  the  short  period  of  rest,  the  conductivity  of  the 
brain  and  of  the  liver  was  but  little  changed,  if  at  all;  at  the  end  of 
the  longer  periods  of  rest,  the  brain  was  again  approaching  its  normal 
conductivity. 

15.  A  limited  number  of  observations  indicate  that  the  changes 
produced  by  infection  are  minimised  provided  the  infection  is  applied 
in  the  presence  of  morphin:  that  is,  excessive  infection  alone  decreases 
the  conductivity  of  the  brain  and  increases  the  conductivity  of  the 
liver;  in  this  limited  series  of  observations  the  conductivity  of  the 
brain  remained  practically  unchanged  when  diphtheria  toxin  was 
administered  in  a  morphinised  animal,  and  the  conductivity  of  the 
liver  was  but  slightly  altered. 

16.  A  limited  series  of  observations  of  the  influence  upon  the  electric 
conductivity  of  the  brains  of  animals  of  various  agents,  which  produce 
marked  clinical  effects,  indicate  that  the  progress  of  alteration  in 
function  produced  by  any  agent  is  coincident  with  changes  in  electric 
conductivity. 

17.  In  the  pathological  specimens  studied,  active  malignant  growths 
have  a  high  conductivity  in  comparison  with  adjacent  normal  tissue 
and  the  inactive  portions  of  the  same  growth,  and  with  growths  of  a 
non-malignant  type. 
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GENERAL  CONCLUSIONS 

1.  Influences  which  aflfect  the  general  physical  condition  of  the  organ- 
ism produce  changes  in  electric  conductivity  in  the  dominating  reactive 
tissues,  these  changes  being  uniformly  and  measurably  manifested  in 
the  brain  and  the  liver.  Apparently  these  changes  in  conductivity 
appear  more  promptly  than  any  gross  cUnical  alteration. 

2.  Apparently  the  liver  is  more  promptly  and  more  markedly  affected 
than  any  other  tissue,  as  animals  showing  either  no  or  very  sUght 
changes  in  the  cerebrum  and  cerebellum  will  often  show  a  marked 
alteration  in  the  conductivity  of  the  liver.  On  account  of  the  wide 
variation  in  Uver  measurements  and  the  apparent  susceptibility  of 
this  organ  to  seasonal  and  environmental  changes,  the  effects  of  applied 
agents  are  best  determined  by  measurements  of  the  cerebrum  and 
cerebellum. 

3.  A  study  of  the  individual  measurements  from  which  the  averages 
have  been  computed  seems  to  indicate  that  the  variations  represent 
sUghtly  different  stages  in  a  process  that  varies  in  rate  in  different 
animals  and  in  the  different  organs  of  the  same  animal. 

4.  In  view  of  the  abovQ  indication  and  the  direct  evidence  of  the 
measurements  we  feel  justified  in  the  assumption  that  the  first  effect 
of  stimulation  within  the  organism  is  a  slight  decrease  of  the  con- 
ductivity of  the  liver  followed  by  a  rapid  continuous  rise  to  above  the 
normal  as  the  state  of  exhaustion  approaches;  a  slight  and  prompt 
increase  in  the  conductivity  of  the  cerebellum  followed  by  a  gradual 
continuous  fall;  a  relatively  slower  increase  in  the  conductivity  of  the 
cerebrum  followed  by  a  gradual  continuous  decrease. 

5.  These  studies  indicate  that  electric  conductivity  measurements 
provide  a  means  whereby  to  further  the  interpretation  of  the  normal 
operation  of  the  organism,  and  whereby  to  measure  the  progress  of 
pathological  processes  within  the  various  organs  and  tissues. 

6.  From  our  findings  to  date,  it  would  appear  that  the  intracellular 
changes  in  exhaustion  and  shock  which  are  revealed  by  the  microscope 
are  paralleled  by  alterations  in  electric  conductivity,  arhd  that  both  the 
histologic  and  the  electric  changes  bear  a  direct  relation  to  the  vitality  of 
the  organ. 
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STUDIES  ON  THE  EFFECT  OF  DIET  ON  THE  WEIGHT  OF 
THE  HYPOPHYSIS  AND  THYROID  GLAND  OF  THE  AL- 
BINO RAT,  AND  ON  THE  ACTION  OF  THEIR  EXTRACTS 
ON  THE  ISOLATED  SMALL  INTESTINE 
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This  research  was  undertaken  to  determine  whether  alterations  in 
weight  of  the  thyroid  and  hypophysis  and  in  the  eflfects  of  their  extracts 
on  the  isolated  intestine  could  be  brought  about  by  different  diets.  In 
the  previous  studies  made  by  Watson  (13)  and  others,  the  observers 
were  mainly  concerned  with  the  histological  changes,  and  no  study  was 
made  of  the  extracts  from  the  glands.  My  conclusions  are  based  on 
several  series  of  observations.  In  the  first  series  it  was  planned  to  test 
three  diets  characterized  by  oatmeal,  vegetables  and  meat  respectively. 
Later,  in  a  second  series,  diets  were  included  in  which  potassium  iodide 
and  "thyroxin"  were  administered  to  the  test  animals. 

Material  and  methods.  The  rats  were  secured  from  the  colony  of  The 
Wistar  Institute.  Two  carefully  selected  litters  of  the  same  age  were 
taken  for  each  experiment.  An  equal  number  of  rats  from  each  litter 
was  placed  in  the  control  and  test  cages,  the  sexes  being  kept  separate. 
The  ages  and  weights  at  the  first  feeding  of  the  special  diet  were  re- 
corded. Weekly  weighings  were  then  made  until  the  last  animal  had 
been  killed.  Tables  1  to  5  give  in  a  condensed  form  the  weights  and 
other  data. 

At  varying  intervals  during  each  experiment  a  rat  from  the  test  lot, 
with  its  accompanying  control,  was  weighed,  then  killed  by  ether, 
measured,  and  the  viscera  removed.  The  weights  of  the  thyroid,  brain 
and  hypophysis  were  taken  separately  and  the  percentage  of  water  in 
the  brain  was  determined.  The  thyroid  and  hypophysis  were  ground 
separately  and  extracted.  The  details  of  this  last  procedure  will  be 
given  later. 

Tlie  diets  used:  Oatmeal  diet.  The  test  diet  was  begun  on  September 
30,  1919,  in  the  form  of  steamed  oatmeal  and  milk.    The  group  com- 
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prised  four  females  and  six  males,  27  days  old.  The  .animals  throve 
and  grew  on  this  diet,  although  some  cases  of  pneumonia  appeared 
among  both  tests  and  controls.  The  experiment  was  continued  from 
105  to  117  days.    Table  1  gives  the  data  for  this  group. 

Vegetable  diet  This  diet  was  begun  on  September  30,  1919.  The 
rats  seemed  to  be  too  young  (27  days)  for  the  test,  as  they  showed 
symptoms  of  ill  health.  They  were  returned  to  the  control  diet  on  Octo- 
ber 4  but  on  November  4  the  test  diet  was  resimied.    This  consisted  of 

TABLE  1 
Oatmeal  diet 


0EX 

NUMBER 

iKrriAL 

WBIOHT 

FINAL  . 
WEIGHT 

TBTBOID 
WEIGHT 

HT- 
POPHTSI8 
WEIGHT 

BBAIN 
WEIGHT 

WATER 
IN  BRAIN 

DATS  or 

BXPERI- 
ICENT 

AGE  AT 
KILLDfQ 

H 
'{ 

3T. 
3C. 

2T. 
2  0. 

gratM 

36 
36 

32 
39 

Oratna 
158 

177 

150 
133 

mgm. 
20.6 

17.7 

15.2 
17.2 

mgm. 
4.8 
5.4 

8.6 
7.0 

grama 

1.516 
1.633 

1.617 
1.575 

per  cent 

•  78.5 

78.3 

77.9 

78.5 

105 
105 

117 
117 

131 
133 

145 
143 

T  =  tests;  C  =»  controls. 


TABLE  2 
Vegetable  diet 


0EX 

NUICBEB 

INITIAL 
WEIGHT 

FINAL 
WEIGHT 

THYROID 
WEIGHT 

HT- 
POPHYSia 
WEIGHT 

BRAIN 
WEIGHT 

WATER 
IN  BRAIN 

DAYS  OF 
EXPERI- 
MENT 

AGS  AT 
KILLING 

9    { 

IT. 
2C. 

4T. 
4C. 

grama 

113 

93 

73 
76 

grama 
228 
199 

136 

141 

mgm. 

22  6 
16.9 

17.0 
15.8 

mgm. 

6.5 
5.9 

6.1 
7.2 

grama 
1.734 

1.657 

1.540 
1.555 

per  cent 

♦75.4 
78.2 

78.3 
78.4 

J08 

108 

113 
113 

133 
134 

139 
139 

*  This  value  is  abnormal. 

all  green  vegetables  with  occasional  carrots,  turnips,  potatoes  (steamed 
and  raw),  wheat,  grape-fruit  skins  and  beans.  With  the  exception  of  a 
single  male,  all  of  the  test  rats  were  below  the  standard  weight.  Not 
only  were  they  smaller  in  size,  but  were  also  obviously  frail.  They  were 
less  tame  than  the  rats  in  other  groups  and  toward  the  end  of  the  experi- 
ment this' reaction  became  even  more  noticeable  (table  2). 

Meat  diet  (a).    This  experiment  was  begun  September  30,   1919, 
when  the  rats  were  28  days  old  and  had  just  been  taken  from  the  mother. 
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Steamed  beef  was  fed  twice  a  day.  The  rats  became  peeked,  listless  and 
inactive.  They  were  cyanosed  and  cold  to  the  touch.  One  rat  was 
eaten  by  its  brothers,  despite  the  meat  diet.  On  October  3  they  were 
put  on  diet  consisting  of  warm  milk  and  condensed  milk  and  wheat. 
On  this  they  recovered,  and  were  returned  to  the  test  diet  on  November 
1.  Raw  beef  was  given  from  this  date  on,  in  preference  to  the  steamed 
beef.    Throughout  the  remaining  period  of  the  experiment,  i.e.,  up  to 

March  26, 1920,  all  were  in  splendid  condition,  always  hungry,  tame  and 

• 

TABLE  3a 
Series  I,    Meat 


8EX 

NUMBER 

INITIAL 
WKIOHT 

FINAL 
WBIGHT 

THTROm 
WKIOHT 

HT- 

poPHrsis 

WBIOBT 

BRAIN 
WKIOHT 

WATKR 
IN  BRAIN 

DATS  OF 

■XPBRI- 

MBNT 

AOB  AT 

KILLING 

'{ 

5T. 
5  0. 

3T. 
3C. 

ffranu 
24 
23 

24 
24 

grama 
226 
232 

169 
165 

mom. 
19.4 
17.0 

18.2 
17.6 

mgm. 
7.7 
7.0 

9.2 
9.6 

grama 

1.836 
1.837 

1.771 
1.737 

per  cent 
78.2 
78.0 

78.2 
78.3 

125 
125 

109 
109 

185 
186 

168 
169 

TABLE  3b 
Series  II.    Meat 


SEX 

NUMBER 

INITIAL 
WEIGHT 

FINAL 
WEIGHT 

THYROID 
WEIGHT 

HT- 
POPHTBI8 

WEIGHT 

BRAIN 
WEIGHT 

WATER 
IN  BRAIN 

DATS  OF 
EXPERI- 
MENT 

AOB  AT 
KILLING 

grama 

grama 

mgm. 

mgm. 

grama 

per  cent 

-{ 

3T. 

143 

183 

15.4 

5.9 

1.789 

78.4 

27 

104 

3C. 

135 

193 

15.9 

5.8 

1.799 

78.7 

27 

104 

9    1 

3T. 

119 

148 

15.0 

8.5 

1.651 

78.1 

29 

119 

3C. 

109 

144 

13.5 

9.1 

1.629 

78.3 

29 

119 

pla3rf ul.  The  fur  on  the  test  animals  was  especially  silky,  soft  and  white, 
and  the  good  condition  of  the  group  was  striking.  In  three  cases  the 
limgs  were  found  to  be  slightly  infected  (table  3  a). 

A  second  series  of  observations  was  made  to  control  this  experiment 
with  meat,  and  also  to  replace  the  first  experiments  made  with  potassium 
iodide  and  with  ''thyroxin,"  both  of  which  had  failed  through  accidents. 
The  rats  in  these  groups  ranged  from  76  to  98  days  of  age  at  the  com- 
mencement of  the  test,  and  the  experiments  lasted  from  14  to  37  days. 
Tables  3b,  4  and  5  give  the  data. 
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Meat  diet  (b).  These  rats  were  in  excellent  health;  in  two  cases  how- 
ever the  lungs  were  slightly  infected.  At  each  feeding  they  were  given 
lean  beef  until  entirely  satisfied.  Half  of  these  rats  were  up  to  or  above 
the  standard  weight  (table  3  b). 

Potassium  iodide  with  normal  diet.  The  first  series  tested  has 
been  omitted  from  the  records  because  of  serious  limg  infections  and 
we  have  merely  noted  the  effect  of  the  lung  infection  on  the  water  con- 
tent of  the  brain. 

In  the  second  series  a  group  was  run  for  26  to  32  days;  the  rats  rang- 
ing in  age  from  83  to  120  days  (table  4).  The  amoimt  of  KI  given 
was  7  mgm.  to  100  grams  of  body  weight.  In  this  group  five  of  the 
twelve  animals  showed  a  light  lung  infection,  but  this  was  not  severe 
enough  to  influence  the  percentage  of  water,  in  the  brain.    The  body 


TABLE  4 
Series  II.    Potassium  iodide  with  normal  diet 

SRX 

NUMBEB 

INITIAL 
WEIGHT 

PINAL 
WEIGHT 

TBYBOID 
WEIGHT 

HT- 
POPHTBIB 
WEIGHT 

BRAIN 
WEIGHT 

WlLTER 
IN  ftBAIN 

DATS  OP 

BXPERI" 

MEMT 

AGE  AT 
KILLING 

2T. 
2C. 

4T. 
4C. 

gramM 

144 
137 

119 
115 

grama 

174 
202 

137 
147 

niffm. 

15.0 
19.4 

15.0 
13.9 

tngn. 

6.0 
6.7 

7.8 
8.2 

grams 

1.781 
1.833 

1.772 
1.793 

per  cenl 

78.4 
78.7 

78.1 
78.3 

26 
26 

32 
32 

120 
120 

115 
115 

weights  were  low.  The  health  of  the  rats  was  good  and  no  general 
effect  of  the  KI  was  evident. 

Thyroxin  with  normal  diet.  This  material,  first  prepared  by  Doctor 
Kendall  (5)  and  Kendall  and  Osterberg  (6)  was  obtained  from  E.  R. 
Squibb  &  Sons  in  the  form  of  0.2  mgm.  tablets.  One  tablet  was  ground 
into  fine  powder  and  given  each  test  rat  at  each  feeding. 

Each  animal  was  kept  in  a  separate  cage  in  order  to  check  the  amount 
of  food  eaten.  In  the  first  group  thus  treated  the  controls  failed  to 
grow  properly  and  the  data  have  been  discarded.  A  second  group  was 
therefore  treated  in  the  same  manner.  Table  5  gives  the  data  for  the 
second  group.  These  rats  remained  in  excellent  health  and  more  than 
half  of  the  test  rats  were  up  to  or  above  the  standard  weight.  Two 
cases  of  slight  lung  infection  were  noted  at  autopsy  (table  6). 

Comments  on  weights.  In  all  these  groups  (tables  1  to  5)  the  average 
body  weights  are  low  for  the  age  in  both  the  control  and  test  animals. 
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and  the  weights  of  the  organs  are  low  for  the  body  weights  when  com- 
pared with  the  standard  values. 

The  discussion  on  the  weights  will  be  confined  to  a  comparison  of  the 
tests  with  the  controls  for  each  sex,  the  age  being  the  same  and  the 
animals  compared  being  always  members  of  the  same  litter.  The  data 
in  the  tables  make  twelve  such  comparisons  possible. 

As  the  weights  of  the  thjrroid  and  hypophysis  are  correlated  with  the 
body  weight,  it  is  necessary  in  comparing  the  weights  for  the  test  group 
with  those  for  the  controls  to  take  the  body  weights  into  consideration. 
It  is  also  necessary  to  keep  in  mind  that  the  variability  in  the  weights 
of  these  glands  is  high. 

The  procedure  followed  was  to  find  from  the  appropriate  table  in 
The  Rat  (1)  the  percentage  difference  in  the  weights  of  the  glands 
(thyroid  and  hypophysis)  as  there  given  according  to  the  observed 


Series  II. 

TABLE  6 
Thyroxin  with  normal  diet 

SEX 

NVMBXR 

WITIAL 
WBIOBT 

FINAL 

WBIGBT 

THYROID 

WBIOHT 

HT- 
POPHT8IS 
WBIGBT 

BRAIN 

WBIOHT 

WATBR 
IN  BRAIN 

DATS  OF 

BXFBRI- 

MBNT 

AOB  AT 
KILLING 

9    1 

3T. 

3C. 

3T. 
3C. 

grama 
133 
129 

138 
128 

grama 

187 
224 

169 
169 

mom. 
17.4 
16.1 

13.8 
15.5 

mgm. 
6.0 
6.2 

8.6 
9.0 

grama 
1  863 
1.877 

1.793 
1.727 

per  cent 

78.1 
78.3 

78.6 
78.6 

27 
27 

28 
28 

111 
111 

118 
118 

body  weights  for  each  sex,  and  then  to  compare  this  with  the  correspond- 
ing percentage  dijBference  between  the  values  for  tests  and  controls  in 
our  records.  If  these  two  determinations  agreed  within  6  per  cent, 
plus  or  minus,  we  concluded  that  the  experimental  conditions  had  not 
modified  the  weight  of  the  organ. 

When  the  data  in  tables  1  to  5  are  treated  in  this  manner  there  is 
some  indication  that  in  the  "vegetable"  group,  table  2,  the  weight  of 
the  th3nroid  is  increased  and  the  weight  of  the  hypophysis  diminished, 
and  in  the  "meat"  group  (tables  3a  and  3b)  that  the  weight  of  the 
thjrroid  is  somewhat  increased.  In  the  other  six  pairs  there  is  no 
difference  shown  by  this  method  which  can  be  attributed  to  diet.  As 
the  results  are  mainly  negative,  it  is  not  deemed  necessary  to  present 
the  figures  giving  these  relations. 

For  the  body  weights  the  brain  weights  are  low.  On  the  average  the 
tests  and  the  controls  show  nearly  the  same  relative  brain  weight. 
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The  dietetic  treatment  given  these  rats  has  not  therefore  modified  the 
weight  of  the  brain.  When  the  percentage  of  water  in  the  brain — on 
age — is  compared  in  the  tests  with  that  in  the  controls,  it  is  found  to 
agree  perfectly.  Consequently  the  myelination  process  also  has  not 
been  modified  (2). 

As  previously  noted,  in  a  group  of  ten  rats  given  potassium  iodide  for 
60  days,  all  the  animals  were  found  to  have  severe  lung  infection  and 
the  data  on  weight  were  therefore  excluded  from  the  tables. 

It  was  of  interest  to  note  however  that  in  this  group  the  percentage 
of  water  in  the  brain  was  77.5  for  the  control  rats  and  77.6  for  the  tests. 
The  percentage  of  water  to  be  expected  on  age  was  78.14  (1,  table  74). 
Similarly,  in  the  discarded  group  treated  with  thyroxin,  but  also  suf- 
fering from  severe  lung  infection,  the  percentage  of  water  in  the  controls 
was  77.7  and  in  the  tests  77.6.  According  to  age  78.15  per  cent  was  to 
be  expected.  The  differences  therefore  are  0.6  and  0.5  per  cent  respec- 
tively. 

These  results  agree  with  the  observations  of  King  (7)  which  show 
that  severe  lung  infection  in  the  mature  rat  reduces  the  percentage  of 
water  in  the  brain  about  0.5  per  cent. 

Preparation  of  material  for  the  study  of  the  extracts.  A  test  and  control 
rat  of  the  same  sex  were  taken  from  a  group  and  each  weighed.  The 
several  organs  were  then  removed  and  weighed.  The  thyroid,  from 
which  the  parathyroids  had  not  been  removed,  and  the  hypophysis 
were  then  ground  separately  with  a  small  quantity  of  white  Berkshire 
sand  and  mixed  with  Tyrode's  solution.  The  extract  thus  obtained  had 
a  concentration  of  0.25  per  cent.  The  four  test  tubes  containing  the 
extracts  from  the  thyroid  and  the  hypophysis,  test  and  control  respec- 
tively, were  put  in  the  water  bath  (39°C.)  for  2  hours. 

An  extra  male  rat  was  killed  by  crushing  the  cervical  cord  under  ether, 
and  a  piece  of  the  duodenal  intestine  was  removed.  This  was  placed 
immediately  in  a  dish  containing  oxygenated  Tyrode's  solution  and 
kept  at  SQ^'C.  The  intestinal  strip  was  then  cut  lengthwise,  freed  from 
mesenteric  tissue  and  a  piece  approximately  1.5  cm.  prepared.  This 
was  attached  at  each  end  by  passing  through  it  a  needle  threaded  with 
white  silk,  and  suspended  vertically  in  a  glass  tube  filled  with  Tyrode's 
solution.  The  response  of  the  strip  could  thus  be  recorded  as  described 
by  Hatai  and  Hanmiett  (4). 

Action  of  extracts.  In  some  cases  after  the  strip  had  been  immersed 
in  Tyrode's  solution  the  pulsations  were  for  a  time  rapid  and  the  tonus 
high.    Occasionally  it  remained  inactive.    Usually  therefore  the  in- 
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testine  was  left  for  10  minutes  in  order  that  it  might  become  normal  in 
behavior.  Sometimes  it  was  necessary  to  initiate  the  pulsations  by 
mechanical  stimulation. 

The  general  conditions  which  modify  the  response  of  the  strip  have 
been  stated  by  Hatai  and  Hammett  (4).  One  condition  is  sex  and 
another  is  age.  In  accordance  with  the  previous  work,  the  observations 
here  reported  are  only  those  made  on  the  intestines  of  male  rats  150 
or  more  days  of  age. 

The  rat  from  which  the  intestine  was  taken  had  been  kept  without 
food  for  from  12  to  24  hours  previous  to  the  experiment.  Before 
applying  the  extract  the  intestine  was  washed  two  or  three  times  with 
the  Tyrode's  solution,  and  after  returning  to  the  normal  beat  the  gland 
extract  was  added.  Two  cubic  centimeters  of  the  thyroid  extract  were 
used,  but  the  hypophysis  extract  was  added  in  proportion  to  the  quan- 
tity on  hand. 

As  pointed  out  and  emphasized  by  Hammett  and  Tokuda  (3)  it  is 
probably  not  the  characteristic  secretion  of  these  glands  in  the  extracts 
which  causes  the  response  of  the  intestinal  strip,  but  something  else. 

The  results  according  to  diet  may  be  summarized  as  follows: 

Thyroid.  For  the  extracts  of  the  th3rroid  there  was  no  clearly  marked 
dijBference  in  the  response  to  the  test  extract  as  compared  with  that  to 
the  control  in  the  case  of  any  of  the  diets  here  used. 

Hypophysis.  In  the  case  of  the  extract  from  the  hypophysis  differ- 
ences did  occur  as  shown  in  charts  1  and  2. 

Comments  on  the  action  of  the  extracts:  Hypophysis  extract.  The  con- 
trol extract  causes  a  relaxation  of  the  strip  in  every  case.  This  is  some- 
times preceded  by  a  slight  contraction  (chart  1).  The  test  extract  in 
the  oatmeal  and  vegetable  diets  causes  a  marked  contraction  (charts  1 
and  2),  but  in  the  meat,  the  potassium  iodide  and  the  thyroxin  groups, 
the  reaction  for  the  test  extract  is  similar  to  that  for  the  control  (chart  3 
for  thyroxin). 

It  appears  possible  therefore  that  the  effect  of  the  extract  of  the 
hypophysis  has  been  modified  by  the  diet  in  the  oatmeal  and  vegetable 
groups. 

To  obtain  an  explanation  of  this  difference  in  behavior,  some  observa- 
tions were  made  on  the  action  of  the  glandular  and  nervous  portions  of 
the  hypophysis  taken  separately. 

In  the  first  instance  ten  adult  male  rats  were  used,  and  the  average 
body  weight  calculated.  The  rats  were  killed  .in  the  usual  manner,  the 
hypophysis  removed,  the  ten  glandular  portions  separated  from  the  ten 
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Chart  1 


Chart  2 


Chart  1.  Oatmeal  diet.  Hsrpophyseal  extract— From  two  female  albino  rats 
144  days  old.    H.  C.    Control  extract.    H.  T.    Test  extract. 

Chart  2.  Vegetable  diet.  Hypophyseal  extract  from  two  male  albino  rats 
133  days  old.    H.  C,    Control  extract.    H.  T,    Test  extract. 


Charts.  Standard  diet  with  thyroxin  (0.2 
extract  from  two  male  albino  rats  97  days  old. 
Test  extract. 


mgm.  thyroxin).    Hypophyseal 
H.  C.    Control  extract-  H.  T, 


Chart  4  (a  and  b).  Effects  of  extracts  of  parts  of  hypophysis — separately  and 
combined,  on  the  intestinal  strip,  (a)  H,  g,  Extract  of  glandular  portion  alone. 
H,  n.  Extract  of  nervous  portion  alone,  (b)  H.  n.  and  H,  g.  Combined  in 
normal  proportions. 
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nervous  portions,  and  weighed  separately.  The  values  obtained  are 
given  in  table  6.  The  nervous  and  glandular  lobes  were  ground  separ- 
ately and  the  extracts  tested  on  a  piece  of  intestine  from  a  male  rat.  The 
preparations  were  made  in  the  morning  and  tested  at  2  p.m.  The 
amount  of  solution  from  the  nervous  portion  was  5  cc.  and  that  from 
the  glandular  22.4  cc.  According  then  to  this  ratio  the  extracts  were 
tested  on  the  intestine,  first  separately  as  nervous  and  glandular  ex- 
tracts, and  then  combined  in  the  same  proportion,  as  the  extract  from 
one  rat.  Chart  4  illustrates  the  results  obtained.  To  determine  any 
difference  between  the  glands  from  males  and  females,  ten  females  were 
taken  and  the  glands  treated  in  the  same  manner.  The  glandular  and 
nervous  portions,  after  being  ground  and  extracted,  were  tested  on  the 
intestine  from  a  female  rat.  The  results  were  similar  to  those  in  chart 
4,  yet  the  curve  from  the  nervous  portion  does  not  show  as  great  a 
relaxation. 

TABLE  8 
Average  weights  of  nervous  and  glandular  lobes  of  hypophysis  from  rots  used  in  tests 


BAT* 

BOOT  WBIOBT 

OLAlfDUIJLB 

MBBTOua 

TOTAL  WBIOBT  OF 
HTPOPHTBXS 

granu 

mom. 

mom. 

mom* 

lOcf 

229 

6.6 

1.24 

6.8 

109 

167 

6.2 

1.18 

7.4 

6<^ 

103 

4.9 

1.24 

6.0 

69 

126 

4.8 

1.00 

6,8 

As  a  second  check,  five  females  and  five  males  were  treated  as  above, 
and  the  extracts  tested  first  on  a  male  intestine  and  then  on  female 
intestine  to  determine  the  differences  in  response.  For  the  weights  of 
these  lobes  see  table  6. 

The  male  and  female  glandular  extracts  gave  similar  results  when 
tested  on  the  male  intestine,  but  the  female  nervous  extract  caused  a 
greater  relaxation  than  did  the  corresponding  male  extract.  When  the 
male  and  female  glandular  extracts  were  tested  on  female  intestine, 
essentially  similar  results  were  obtained  throughout. 

Since  the  two  parts  of  the  hypophysis  yield  extracts  which  influence 
in  opposite  ways  the  intestinal  strip,  it  is  possible  to  interpret  our 
results  in  the  light  of  this  relation. 

In  the  normal  reaction  to  the  control  hypophysis  extract,  the  effect 
of  the  nervous  portion  predominates  and  the  strip  relaxes.  When,  on 
the  other  hand,  the  intestine  contracts  under  the  influence  of  the  total 
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hypophysis  extract,  it  means  that  the  reaction  characteristic  for  the 
glandular  portion  is  predominating.  At  the  moment,  however,  it  is  not 
possible  to  determine  whether  this  predominance  is  due  to  an  increase 
in  the  active  substance  characteristic  for  the  glandular  portion,  or  a 
decrease  in  that  characteristic  for  the  nervous  portion  of  the  gland. 

DISCUSSION 

There  are  several  studies  on  these  glands  in  rats  and  the  results  may 
be  briefly  considered  according  to  the  diet  used. 

Oatmeal.  Watson  (12)  took  six  young  rats,  6  weeks  old,  and  fed  them 
for  from  4  to  8  weeks  on  a  diet  of  uncooked  oatmeal  and  water.  An 
equal  number  of  controls  was  fed  bread  and  milk.  He  states  that  the 
thyroid  was  greatly  enlarged  and  histologically  gave  evidence  of  greatly 
increased  functional  activity.  A  similar  result  had  been  obtained  on 
an  exclusive  porridge  diet  made  with  skimmed  milk  (14).  The  average 
weights  given  by  Watson  in  his  first  series  are:  test  rats,  thyroid  0.078 
gram  and  controls,  0.029  gram. 

As  indicated  in  table  1,  my  test  thyroids  are  oh  the  average  only 
very  slightly  heavier  than  the  controls,  thus  showing  much  less  differ- 
ence than  was  obtained  by  Watson. 

Vegetable  diet  Slonaker  (10)  in  his  experiments  with  a  vegetable 
diet  on  albino  rats  found  the  test  rats  to  age  more  quickly,  to  be  retarded 
in  their  growth,  and  on  the  whole  frail  and  weak.  The  general  appear- 
ance of  my  test  rats,  checks  with  that  of  his  series.  Thus,  with  but  one 
exception,  a  vigorous  test  male,  all  my  test  animals  on  this  diet  were  con- 
siderably below  the  standard  weight  and  in  a  poor  physical  state. 
Nevertheless  the  test  thyroids  appeared  relatively  somewhat  heavier 
(table  2). 

Meat  diet.  Watson  (11)  and  Watson  and  Hunter  (14),  in  experi- 
ments with  an  exclusive  diet  of  ox  flesh,  found  that  the  young  rats  did 
not  do  well,  but  with  older  rats  particularly  fine  animals  were  obtained. 
Watson  found  in  young  rats  on  a  meat  diet  distinct  histological  changes 
in  the  thyroid  gland  with  wide  variations  in  the  amount  of  colloid  and 
the  secreting  cells.  These  changes  were  frequent,  but  not  constant, 
and  were  most  pronounced  in  animals  which  did  not  gain  normally  in 
weight.  As  my  tables  3a  and  3b  show,  my  general  results  were  similar 
to  those  obtained  by  Watson. 

Potassium  iodide.  Following  intravenous  injection  of  potassium 
iodide,  Marine  and  Rogoff  (9)  found  that  iodine  was  taken  up  by  the 
thyroids  almost  at  once.    The  amoimt  of  absorption  was  correlated 
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with  the  functional  state  of  the  gland.  So  rapid  was  the  absorption 
that  practically  none  of  the  iodine  was  excreted.  In  my  tests  KI  given 
with  the  food  does  not  appear  to  produce  any  marked  change  in  the 
size  of  the  thyroid  or  the  physiological  effects  of  the  extract.  Kojima 
(8)  notes,  however,  that  administration  of  potassiiun  iodide  causes  an 
acciunulation  of  colloid  material  in  the  rat  thyroid. 

As  to  the  effect  of  diet  on  the  hypophysis,  I  do  not  find  any  observa* 
tions  which  bear  on  the  present  problem. 

SUMMARY 

Feeding  experiments  with  five  diets  were  conducted  on  200  albino 
rats,  ranging  in  age  from  27  to  250  days  and  fed  for  periods  from  10  to 
175  days  upon  a,  oatmeal  and  milk;  b,  vegetables;  c,  meat;  d,  standard 
diet  plus  potassium  iodide;  and  e,  standard  diet  plus  ''th3rroxin." 

Observations  were  made  on  the  effect  of  each  diet  on  a,  body  weight; 
6,  weights  of  the  thyroid  and  hypophysis;  and  c,  the  phjrsiological  effect 
of  the  extracts  of  these  glands  on  the  isolated  intestine.  In  addition, 
the  action  of  the  extracts  of  the  parts  of  the  hypophysis  on  the  isolated 
intestine  was  determined  and  the  effect  of  the  diets  on  the  brain  weight 
and  water  content  of  the  brain  noted. 

Body  weight.  The  body  weights  in  all  the  groups  were  low  for  the 
age  in  both  control  and  test  animals.  There  is  but  a  slight  difference  in 
the  final  weights  of  the  tests  and  controls.  The  controls  were  on  the 
average  heavier  by  5  grams. 

Weights  of  the  glands.  The  normal  variability  in  the  weights  of  both 
the  thyroid  and  hypophysis  is  large,  and  moreover  these  weights  are 
correlated  with  the  body  weights.  When  compared  with  the  standard 
tables,  all  the  glandular  weights  were  low  for  the  body  weights.  Tak- 
ing the  averages,  and  recording  the  difference  of  the  tests  from  the  con- 
trols, the  oatmeal  thyroids  were  heavier  than  the  controls  by  1  mgm., 
the  hypophysis  by  2  mgm.  In  the  vegetable  group  the  thjrroid  was 
heavier  by  4  mgm.,  a  result  mainly  due  to  one  unusually  large  male  test 
rat.  The  hypophysis  was  lighter  by  1  mgm.  In  the  meat  group  the 
weight  of  the  thyroid  was  somewhat  greater,  but  that  of  the  hypophysis 
not  altered.  In  the  potassium  iodide  and  thyroxin  groups  there  is 
practically  no  modification  in  the  weights  of  the  test  glands. 

Activity  of  the  gland  extracts:  Thyroid.  For  the  thyroid  no  definite 
difference  in  the  effects  of  the  control  and  test  extracts  could  be  made 
out  in  any  of  the  diet  groups. 
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Hypophysis,  In  the  case  of  the  hypophysis  the  test  extract  causes  a 
contraction  of  the  intestinal  strip  in  the  oatmeal  and  the  vegetable  diet 
groups.    The  control  extract  always  causes  relaxation. 

Action  of  the  extracts  from  parts  of  the  hypophysis.  The  responses  to 
the  extracts  from  the  nervous  and  glandular  lobes  of  the  hypophysis 
are  opposed  to  each  other.  The  glandular  lobe  extract  causes  a  con- 
traction and  the  nervous  lobe  extract  a  relaxation.  The  ratio  of  the 
weights  of  the  nervous  to  the  glandular  lobes  is  1  to  4  and  when  extracts 
from  both  lobes  are  combined  in  this  proportion,  the  reaction  obtained 
is.  intermediate  or  similar  to  that  of  the  entire  hypophysis.  This  sug- 
gests an  explanation  for  the  results  found  in  the  oatmeal  and  vegetable 
groups,  in  which  for  some  reason  the  effect  of  the  glandular  portion  pre- 
dominated. 

Brain  weight  and  percentage  of  water.  The  brain  weights  are  low  for 
the  body  weights,  but  the  relative  weights  in  the  tests  and  controls  are 
similar.  The  several  diets  have  not  therefore  modified  the  weight  of 
the  brain,  and  the  percentage  of  water  in  the  brains  of  the  test  and  con- 
trol series  agrees  perfectly.  However,  in  two  groups  with  severely  in- 
fected lungs  (groups  not  otherwise  used)  the  percentage  of  water  on  age 
was  low.  This  effect  of  lung  disease  on  the  percentage  of  water  has 
been  noted  already  by  King  (7). 
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In  earlier  communications  from  this  laboratory  (1),  (2)  have  been 
reported  many  series  of  observations  dealing  with  the  physiology  of  the 
bile  pigments  and  bile  salts  in  healthy  bile  fistula  dogs.  It  has  been 
shown  for  example  that  the  bile  pigments  can  be  modified  at  will  by 
diet  factors  and  many  agencies  which  modify  liver  function  (1).  The 
bile  pigment  output  therefore  is  varied  by  the  constructive  activity  of 
the  liver  as  well  as  by  the  commonly  accepted  disintegration  of  hemo- 
globin in  the  body.  So  too  the  bile  acids  or  salts  in  bile  fistula  bile  may 
be  modified  readily  and  promptly  by  diet  factors  (3).  It  is  easy  to 
demonstrate  complete  dissociation  of  these  two  activities  of  the  liver 
showing  that  bile  pigment  production  is  a  totally  different  function  of 
the  liver  and  separated  completely  from  the  bile  salt  production. 

In  all  of  our  earlier  experiments  and  as  a  routine  we  used  unit  daily 
collections  of  6  hours.  We  felt  that  this  period  of  6  hours  could  be 
tolerated  easily  by  a  healthy  dog  and  that  the  general  condition  of 
the  dog  was  a  very  important  element  in  the  experiment.  We  have 
been  able  to  maintain  in  perfect  health  many  dogs  on  this  daily  routine. 
Some  of  our  bile  fistula  animals  have  lived  in  perfect  health  for  2  to  4 
years.  We  felt  that  the  6-hour  unit  collection  made  at  the  same  time 
each  day,  preceded  and  followed  by  exercise,  together  with  regular 
feeding  hours,  would  be  truly  representative  of  the  whole  day's  output. 
Many  other  workers  have  used  24-hour  periods  and  we  have  reviewed 
this  work  elsewhere  (4).  In  general  these  long  collection  periods  tend 
to  produce  abnormalities  in  the  dogs  and  the  results  may  therefore  be 
open  to  just  criticism. 

For  our  own  information,  we  felt  that  it  was  necessary  to  make  several 
24-hour  collection  periods  on  our  standard  dogs.    We  believe  these  data 
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for  24-hour  experiments  are  more  satisfactory  than  any  available  in  the 
literature.  Moreover,  it  enables  us  to  correlate  our  published  work 
with  some  of  the  experiments  of  the  older  investigators.  The  routine 
given  below  does  not  cause  impairment  of  health  and  was  carried  out 
with  much  care  as  to  detail.  The  dogs  were  not  upset  by  the  procedure 
and  were  comfortable  during  the  entire  24-hour  period.  Many  other 
experiments  of  similar  type  were  carried  out  but  are  not  included  here 
as  the  tabulated  experiments  are  truly  representative. 

Methods,  The  method  of  bile  fistula  collection  has  been  described 
elsewhere  (4).  So  too  the  operative  procedure  and  general  hygienic 
routine  have  been  reviewed  (4) .  The  daily  roiUine  for  these  experiments 
was  as  follows:  The  regular  6-hour  collection  was  made  for  the  first 
4  days  of  the  week.  This  daily  routine  consisted  of  yard  exercise  fol- 
lowed by  a  preliminary  drainage  period  of  30  minutes  which  allowed  the 
escape  of  any  excess  of  night  bile.  In  some  dogs  there  is  an  accumula- 
tion of  bile  during  the  night  owing  to  slight  obstruction  in  the  fistula 
when  the  collection  tube  is  not  in  place.  This  causes  more  or  less 
dilatation  of  the  bile  passages  and  is  not  a  desirable  factor.  The  regular 
6-hour  collection  follows  this  preliminary  drainage.  Dogs  are  fed  2 
hours  after  this  collection  is  started  unless  note  is  made  to  the  contrary. 
At  the  end  of  the  collection,  after  the  collection  binders  have  been 
removed,  the  dogs  are  exercised,  fed  and  locked  in  their  cages. 

On  the  fifth  day  of  the  week,  the  dogs  were  put  through  the  regular 
routine,  except  that  at  4  p.m.,  instead  of  taking  off  the  binders,  removing 
the  drainage  tubes  and  putting  the  dogs  away  in  their  cages  for  the 
night,  a  second  collection  period  was  started.  This  second  period  lasted 
from  4 : 00  to  10 :00  p.m.  At  about  4 : 00  p.m.,  the  dogs  were  transferred 
to  their  cages  and  were  kept  in  an  upright  position  by  specially  prepared 
night  binders.  These  consisted  of  canvas  slings  suspended  from  the 
tops  of  the  cages  and  provided  with  four  holes  for  the  dog's  legs  and 
an  additional  hole  for  the  drainage  tube.  These  binders  were  suspended 
at  such  a  height  that  the  dogs  could  either  stand  up,  or  rest  the  v^eight 
of  their  bodies  on  the  binders  by  a  slight  flexion  of  their  legs.  Rests 
were  provided  for  the  dogs'  heads,  so  that  they  could  sleep  comfortably 
in  a  semi-standing  position.  A  third  collection  period  extended  from 
10  p.m.  to  4  a.m.  on  the  following  day  and  a  fourth  period  lasted  from 
4  a.m.  to  10  a.m.,  thus  completing  the  24-hour  drainage  and  securing 
the  day's  output  of  bile  in  four  6-hour  samples.  The  weekly  routine 
thus  consisted  of  a  single  6-hour  collection  on  the  first  four  days  of  the 
week,  followed  by  four  consecutive  6-hour  collections  on  the  fifth  day. 
The  dogs  were  then  rested  till  the  following  Monday. 
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AnaJysk  of  hile.  The  specimens  <rf  bile  secured  were  analyzed  for 
their  content  of  bile  acids  and  bile  pigments.  These  methods  have  been 
fully  described  elsewhere  in  the  publications  of  this  laboratory.  In 
Iniefy  the  bile  acid  method  (5)  consists  in  precipitation  of  proteins  by 
alcohol,  followed  by  an  estimation  of  amino  nitrogen  present  in  the 
unhydrolyzed  sample.  A  sample  of  the  alcoholic  filtrate  is  then  hy- 
drcdysed  by  means  of  sodium  hydrate  and  its  content  of  amino  nitrogen 
estimated.  This,  minus  the  amount  of  amino  nitrogen  present  in  the 
unhydrolyzed  specimen  represents  the  amino  nitrogen  held  in  combina- 
ticm  as  taurocholic  acid.  The  amount  of  taurocholic  acid  is  estimated 
from  the  amino  nitrogen  by  multipl3dng  by  the  factor  36.72.  Tauro- 
cholic acid  is  the  only  bile  acid  found  in  dog's  bile. 

The  bile  pigment  method  consists,  in  brief,  of  the  following  procedure. 
A  1  to  50  or  weaker  dilution  of  the  bile  in  acid  alcohol  is  filtered  and 
allowed  to  stand  in  a  flask  for  24  hours,  or  until  the  pigment  is  con- 
verted to  a  blue  green  color.  The  solution  is  then  read  against  a 
standard  color  wedge  (4).  The  pigment  readings  are  all  expressed  in 
terms  of  milligrams  of  bilirubin. 

Feeding  of  dogs.  The  diet  of  the  dogi^,  on  the  day  of  the  experiments, 
was  carefully  controlled.  At  night  the  animals  were  always  kept  in 
metabolism  cages,  with  only  water  before  them.  In  the  day  time  all 
food  was  excluded  except  the  particular  diet  upon  which  the  dogs  were 
being  kept,  and  they  were  fed  at  stated  times  twice  a  day.  The  amounts 
of  food  ingested  were  regularly  recorded.  Over  the  week-ends  the  dogs 
were  rested  on  a  mixed  diet. 

The  carbohydrate  diet  referred  to  in  the  tables  consisted  of  a  mix- 
ture of  potatoes,  rice  and  milk,  in  the  following  proportions:  potatoes, 
40  per  cent;  rice,  28  per  cent;  milk,  32  per  cent. 

The  meat  diet  consisted  of  meat  alone.  On  most  occasions  extracted 
veal,  obtained  from  the  media  kitchen,  was  used;  but  occasionally 
scraps  of  roast  beef  from  the  hospital  kitchen  were  fed.  On  the  days 
when  mixed  diet  was  used,  the  amounts  ingested  were  not  recorded. 
The  mixed  diet  of  course  varied  in  content,  but  usually  consisted  of  a 
mixture  of  bread  and  milk,  table  scraps  and  varying  amounts  of  meat. 

Experimental  observations.  These  observations  were  made  on  three 
bile  fistula  dogs  of  very  different  type  and  are  representative  of  the 
reaction  of  normal  dogs  under  these  conditions.  One  dog  (20-99)  was 
a  very  active,  young,  white  bull  dog,  nervous  and  excitable  but  raised 
in  the  laboratory  kennels  and  undisturbed  by  the  laboratory  routine. 
This  dog  had  a  strong  habit  spasm  of  its  shoulder  muscles.    Bile 
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was  completely  excluded  from  the  duodenum  as  shown  by  autopsy. 
Another  dog  (18-123)  was  a  young  adult  mongrel,  active  and  lively  but 
good  natured  and  not  distiu'bed  by  the  laboratory  routine.  Bile  was 
completely  excluded  from  the  duodenum  as  shown  by  autopsy.  The 
third  dog  (18-30)  was  a  very  strong,  vigorous  and  rather  vicious  female 
of  about  6  years  of  age.  She  was  in  perfect  physical  condition  during 
the  2  years  of  experimental  work.  Her  appetite  was  capricious  and 
she  refused  many  food  mixtures.  At  operation  the  bile  fistula  was  made 
as  usual  but  the  common  duct  only  ligated,  not  cut.  In  due  time,  a 
small  communicating  channel  was  reestablished  permitting  the  flow  of 
a  little  bile  into  the  duodenum  when  external  drainage  was  not  in  effect 
(at  night  and  outside  of  collection  periods).  Autopsy  showed  the  con- 
dition as  described  and  recognized  clinically. 

Descriptions  of  bile  fistula  dogs.  Following  are  the  records  of  the 
essential  points  in  the  life  histories  of  the  dogs  used  in  this  work;  also 
certain  post-mortem  findings. 

Dog  tO-99,  White  bull,  young  male.  Weight*  on  March  26,  1020,  32^  pounds. 
Dog  has  marked -nervous  tic  of  both  .fore  limbs.  Operation  on  March  26,  1920 — 
conunon  duct  cut  between  ligatures ;  fistula  made  as  usual.  Recovery  speedy  and 
uneventful.  Dog  set  up  on  April  5th  for  daily  bile  collections.  Used  in  bile 
metabolism  work  from  this  time  until  January  29,  1921.  Stools  clay  colored. 
January  26,  1921,  blood  serum  quite  icteric.  Red  cell  hematocrit,  38  per  cent. 
On  January  31st,  dog  was  observed  to  be  very  feeble  and  collections  of  bile  were 
discontinued.  Dog  went  rapidly  downhill  and  on  February  8th  began  to  bleed 
from  his  fistula.  Dog  bled  all  night  and  in  morning  red  cell  hematocrit  was  33 
per  cent,  serum  being  decidedly  icteric.  Dog  given  excess  of  chloroform  and 
inunediately  autopsied. 

Autopsy  findings:  Remains  of  an  emaciated  dog  (weight  20  lbs.).  Fistula 
appears  normal  externally,  but  a  bloody  bile  is  exuding  from  it.  Gums  and  other 
mucous  membranes  are  extremely  anemic.  Median  incision  reveals  normal  sub- 
cutaneous tissues  and  muscles.  There  are  a  few  fibrous  adhesions  between  the 
omentum  and  operative  site.  The  intestine  and  pancreas  are  stained  a  dark, 
maple  sugar  color.  The  costo-chondral  junctures  are  enlarged.  The  ribs  are 
very  fragile  and  almost  completely  destitute  of  lime  salts.  Almost  all  the  ribs 
show  fusiform  enlargements  where  spontaneous  fractures  with  subsequent  healing 
have  occurred.  The  flat  bones  show  the  same  process.  The  long  bones  of  the 
extremities  seem  normal  and  contain  normal  marrow.  The  bones  of  the  skull 
show  some  diminution  of  lime  salts. 

Heart  and  limgs — ^negative.    Thyroid — ^small  and  pale.    Spleen — negative. 

Liver  appears  normal.  No  cirrhotic  thickening.  Slight  scarring  on  a  portion 
of  ventral  surface.  Gall  passages — hepatic  and  cystic  ducts  are  patent  and  mod- 
erately dilated.    Common  duct  is  completely  occluded  and  ends  in  a  blind  pouch. 

Pancreas — deep,  maple  sugar  color.  Negative,  on  section.  Duct  opens  nor- 
mally into  duodenum.    Stomach  and  intestines — negative  except  for  brown  color 
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of  muscle  coats.  Kidneys  and  bladder  and  prostate — negative.  Adrenals — 
negative.  Lymph  nodes — a  few  are  enlarged  in  region  of  liver  hilus,  also  a  few  of 
the  mesenteric  nodes  are  enlarged.    Brain  appears  negative  superficially. 

Microscopical  sections:  Liver— slight  degree  of  round  cell  infiltration  around 
some  of  smallest  ducts.  No  cirrhosis.  Moderate  degree  of  brown  atrophy. 
Central  cells  pale  and  contain  brown  pigment.  A  study  of  the  bone  abnormali- 
ties will  be  reserved  for  a  future  communication. 

Dog  IS-^O.  White  bull,  middle  age,  female.  Weight  on  August  19,  1919, 
39  pounds.  Operation  on  August  19,  1919.  Three  ligatures  placed  on  duct,  but 
duct  not  cut.  Fistula  as  usual.  Recovery  uneventful.  Dog  set  up  on  Septem- 
ber 10th.  November,  1920,  feces  gave  positive  test  for  stercobilin  with  Schles- 
inger's  reagent,  indicating  that  exclusion  of  bile  from  duodenum  is  incomplete. 
Dog  keeps  her  weight  well.  June  15,  1921,  dog  normal.  Chloroform  anesthesia 
and  killed;  autopsy  performed  at  once. 

Autopsy  findings:  Heart — ^normal.  Lungs — slight  an thracosis,  normal  on  sec- 
tion.   Spleen — rather  large,  firm  and  fibrous  on  section. 

Liver — normal  size,  red-brown  in  color  with  occasional  yellowish  tinge;  lobula- 
tion normal  on  section.  GaU  bladder  attached  to  abdominal  wall  by  way  of 
operative  fistula.  A  fine  probe  can  be  passed  from  papilla  into  common  duct. 
Site  of  operation  shows  a  definite  stricture  leaving  an  aperture  not  over  1  mm.  in 
diameter.  A  slight  dilatation  exists  above  this.  Probably  drainage  into  duo- 
denum was  pretty  efficient  at  night. 

Stomach  and  intestines — show  congestion  due  to  a  toxic  proteose  administered 
a  few  days  previously.  Pancreas— quite  firm;  section  normal.  Kidneys— fairly 
large  in  size,  capsule  adherent;  section  normal.  Bladder — normal.  Skeletal 
muscle — normal;  slight  amount  of  fat.  Bones — apparently  no  thinning  and  no 
loss  of  lime  salts.    Bone  marrow — ^no  hyperplasia;  normal  in  appearance. 

Dog  18-1 2S.  White,  and  tan,  adult,  female*  Weight  on  October  9,  1919,  25 
pounds.  October  9th,  exposure  to  x-rays  over  spleen  region  (200  milliampere 
minutes  at  distance  of  10  inches  from  skin).  Operation  on  October  21,  1919. 
Weight  26  pounds.  Common  duct  cut  and  ligated  above  and  below.  Fistula  as 
usual.  Recovery  uneventful.  Dog  set  up  on  October  31st.  Stools  clay  colored. 
Used  for  daily  collections  from  this  time  until  March  8,  1921,  when  she  became 
intoxicated.    Died  March  10th. 

Atttopsy  findings:  Remains  of  an  emaciated  dog.  Fistula  externally  appears 
in  normal  condition.  Abdomen  is  moderately  distended.  Median  incision 
reveals  lack  of  subcutaneous  fat.  The  ribs  are  quite  fragile,  containing  a  very 
small  amount  of  lime  salts.  They  bear  numerous  greyish  enlargements,  at  the 
sites  of  previously  healed  fractures.  The  lower  end  of  the  sternum  and  the 
adjacent  costal  cartilages  are  bulged  forward. 

Heart  and  lungs — negative.  Liver — ^a  few  small  scars  are  present  over  the 
surface  of  the  organ.  It  is  negative  on  section.  The  larger  ducts  are  much  dis- 
tended. Common  duct  is  completely  occluded  at  operative  site.  Spleen — small 
(12  X  3  X  0.5  cm.) ;  weight — 11  grams.  On  section,  the  fibrous  elements  are  seen 
to  be  increased  in  amount.  Kidneys — pale  in  color;  capsules  strip  readily.  Over 
the  surfaces  are  a  few  small  retention  cysts.  Pelves — negative.  Adrenals — 
negative.  Pancreas — brown  in  color;  negative,  on  section.  Intestines — brown 
color  in  muscle  coats,  moderate  distention  with  gas. 
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Microacopiedl  sections:  Liver — central  cells  of  lobules  show  begimung  cUsinte* 
gration.  Their  nuclei  show  some  degree  of  pyknosis,  while  cytoplasm  is  very 
pale  and  reticulated.  Some  of  these  cells  contain  masses  of  brown  material. 
Peripheral  cells  of  lobule— normal  in  appearance.  No  cirrhotic  changes.  No 
cholangitis.  Spleen — capsule  and  trabeculae  thickened.  Malpighian  bodies 
normal.  Sinusoids  widely  patent  and  with  red  cells  in  them.  Pulp  cells  appear 
normal.    There  is  probably  a  slight  relative  decrease  in  parenchyma  cells. 

Table  1  gives  three  similar  experimental  periods  on  the  same  d<^. 
This  bile  fistula  animal  had  been  under  observation  on  the  standard 
laboratory  routine  for  about  13  months.  The  only  complicating  detail 
was  an  exposure  of  the  splenic  area  to  a  considerable  x-ray  dose  2  weeks 
before  the  fistula  operation.  This  dog  shows  the  fluctuation  in  bile 
salts  which  are  observed  and  so  far  are  unexplained.  We  notie  the  rise 
in  bile  salts  following  a  change  from  a  carbohydrate  to  a  meat  diet  in 
the  first  and  second  experiments.  This  certainly  is  a  physiological 
constant.  The  24-hour  collections  show  a  moderately  uniform  series. 
There  are  fluctuations  as  are  observed  in  the  daily  6-hour  periods  but  in 
general  the  four  periods  of  6  hoiu«  each  in  the  24-hour  unit  show  uniform 
figures  for  volimie  and  bile  salts.  We  can  detect  no  diflfference  in  this 
dog  between  the  day  and  night  collection  periods.  The  bile  pigment 
figinres  in  this  dog  are  high — in  fact,  more  than  twice  normal  and  we 
observe  some  remarkable  fluctuation  in  values.  We  cannot  explain 
these  reactions  but  they  are  more  frequent  in  dogs  with  splenectomy 
as  reported  elsewhere  (6). 

Table  2  shows  two  experimental  periods  on  the  same  dog.  We  note 
no  difference  during  the  night  and  day  periods  of  the  24-hour  collections. 
The  general  picture  is  very  much  like  that  noted  in  table  1. 

Table  3  shows  two  more  meat  feeding  experiments  on  the  third  dog 
of  this  series.  The  general  type  of  reaction  is  the  same  as  in  the  other 
two  dogs.  The  rise  in  bile  acids  when  the  dog  changes  from  a  carbohy- 
drate to  a  meat  diet  is  very  pronounced  and  probably  more  conspicuous 
in  this  dog  which  always  ate  sparingly  of  the  carbohydrate  mixtures  but 
largely  of  the  meat  diet.  During  the  second  24-hour  period,  the  dog 
struggled  very  vigorously  in  an  attempt  to  get  out  of  the  binder,  but 
to  no  effect.  There  is  a  rise  in  bile  volume  flow  but  Uttle  other  change 
to  be  attributed  to  this  over-activity.  As  a  rule  during  the  night  and 
much  of  the  day,  this  dog  dozed  comfortably  in  its  binder.  There  are 
very  great  fluctuations  in  bile  pigment  values. 

Table  4  shows  three  collection  periods  on  the  same  dog  on  a  carbo- 
hydrate diet.    There  is  a  fairly  imiform  level  of  bile  acid  excretion 
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TABLE  1 

Twenty^four  hour  bile  collectians  after  meat  feeding 

Dog  18-123.    Brindle,  mongrel,  adult,  female 


DATS,  1920 


9/27 
9/28 
9/29 
9/30 


10/1 


10/2 


26 
30 
38 


40 
43 
38 
45 


AMINO 
NITBOOKlf 


Inloc. 
bile 


mom. 

0.266 
0.269 
0.324 
0.352 


0.390 
0.321 
0.460 
0.348 


Totel 
in  6 
boon 


6.92 

8.07 

12.31 

11.26 


15.60 
13.07 
17.48 
15.66 


TAUBO- 

CHOUC 

ACID 

ik6 

BOUBS 


mgm. 

254 
296 
452 
413 


572 
479 
642 
574 


BILI- 
BUBIN 

we 

HOUBS 


mgm. 
50,6 
32.9 
25.2 
37.8 


50.2 
61.0 
40.3 
51.7 


IbM. 

18.0 
19.0 
18.8 
18.0 


18.3 


Mixed  diet 
Carbohydrate  diet 
Carbohydrate  diet 
Beef  scraps  (430  gm.) 


Beef  scraps  (1000  gm.) 
10  a.m.-4  p.m. 
Dog  vomited  mucus 
4  p.m.-lO  p.m. 
Dog  vomited  mucus 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 


11/15 
11/16 
11/17 


11/18] 


11/19 


29 

0.112 

3.25 

119 

37.9 

17.5 

22 

0.180 

3.96 

145 

25.3 

17.6 

32 

0.318 

10.18 

374 

33.4 

17.0 

49 

0.443 

21.71 

797 

32.8 

17.0 

37 

0.255 

9.43 

344 

15.7 

40 

0.398 

15.92 

584 

17.9 

21 

0.417 

18.76 

688 

98.6 

Carbohydrate  diet  (1000  gm.) 
Carbohydrate  diet  (500  gm.) 
Meat  diet  (600  gm.) 

Meat  diet  (475  gm.) 
10  a.m.-4  p.m. 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-10  a.m. 


11/29 

35 

0.439 

15.36 

564 

42.4 

18.5 

Carbohydrate  diet  (870  gm.) 

11/30 

28 

0.595 

16.66 

611 

29.7 

17.5 

Carbohydrate  diet  (700  gm.) 

12/1 

27 

0.308 

8.31 

303 

30.6 

17.0 

Meat  diet  (350  gm.) 

12/2 

32 

0.397 

12.70 

466 

54.7 

16.0 

Meat  diet  (600  gm.) 

a 

45 

0.496 

22.32 

818 

45.4 

16.5 

Meat  diet  (425  gm.) 

12/3 

10  a.m.-4  p.m. 

b 

45 

0.368 

16.56 

607 

39.5 

4  p.m.-lO  p.m. 

^/Md 

10  p.m.-4  a.m. 

27 

0.410 

11.07 

406 

45.1 

4  a.m.~10  a.m. 
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during  most  of  the  collection  periods.  In  two  of  the  observation  periods 
there  is  a  fall  in  bile  salt  output  in  the  early  morning  hours.  This 
may  or  may  not  be  associated  with  a  fall  in  volume  output.  The  bile 
pigment  output  is  very  irregular  and  periods  of  semi-obstruction  in 
the  bile  passages  may  have  been  responsible. 

TABLE  2 

Twenty-four  hour  bile  collections  after  meat  feeding 

Dog  20-99.    White  bull  dog,  young,  adult  male 


DATS,  1020 


11/29 
11/30 
12/1 
12/2 


12/3 


12/4 


VOL- 
UMR 

AMINO 

NITROaBN 

TAURO- 

CHOLIC 

ACID 

IN  6 

HOURS 

BILI- 
RUBIN 

IN  6 
HOURS 

WBIOHT 

Inlcc. 
bile 

Totel 
in  6 
hours 

ce. 

37 
46 
35 
50 

mffm. 

0.411 

0.170 

0.280 

0.326 

mgm. 

15.21 
7.82 
9.80 

16.30 

mgm. 
558 
286 
358 

mgm. 

56.7 
54.0 
34.1 
22.1 

lbs. 

28.0 
26.0 
25.5 
25.0 

59 

50 
48 
40 

0.354 

0.283 
0.198 
0.382 

20.89 

14.15 

9.50 

15.28 

766 
519 

OAQ 

561 

36.3 

47.0 
63.0 
33.4 

24.8 

Carbohydrate  diet  (975  gm.) 
Carbohydrate  diet  (700  gm.) 
Meat  diet  (800  gm.) 
Meat  diet  (600  gm.) 

Meat  diet  (450  gm.) 
10  a.m.-4  p.m. 
4  p.m.-lO  p.m. 
10.p.m.-7  a.m. 
7  a.m.-l  p.m. 


11/15 
11/16 
11/17 
11/18 


11/19- 
ll/20< 


30 

0.267 

8.01 

292 

35.5 

26.0 

51 

0.194 

9.89 

361 

65.0 

26.0 

53 

0.165 

8.74 

319 

25.8 

25.8 

25 

0.318 

7.95 

290 

26.0 

21 

0.141 

2.96 

108 

38 

0.142 

5.40 

197 

36 

0.172 

6.20 

226 

Carbohydrate  diet  (1000  gm.) 
Carbohydrate  diet  (500  gm.) 
Meat  diet  (600  gm.) 
Meat  diet 

Meat  diet  (475  gm.) 
10  a.m.-4  p.m. 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 


Table  5  shows  a  series  of  three  observations  on  another  dog  receiving  a 
carbohydrate  diet.  This  dog  shows  a  fairly  uniform  output  of  bile 
pigment.    The  bile  salt  output  is  not  decreased  during  the  night  hours. 

Table  6  is  of  considerable  interest  and  shows  a  dog  with  incomplete 
bile  fistula  on  a  carbohydrate  diet.  At  night,  when  this  dog's  fistula 
was  closed,  there  could  flow  into  the  duodenum  a  certain  amount  of 
bile.    This  bile  influx  increased  the  bile  acid  flow  of  the  following  mom- 
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ing.  This  fact,  established  at  autopsy,  we  believe  explains  at  least  in 
part  the  fall  in  bile  salts  noted  in  both  24-hoiir  periods.  This  fall  in 
bile  salts  is  progressive  after  the  first  6-hour  collection  and  reaches  its 
lowest  level  in  the  fourth  collection  period  in  the  24-hour  experiment. 
The  reaction  therefore  is  much  like  that  following  an  ingestion  of  bile 
in  the  early  morning  (refer  to  table  7).    The  bile  pigment  output  is 

TABLE  3 

Twenty-four  hour  bile  collectiona  after  meat  feeding 

Dog  18-30.    Bull  dog,  adult,  female 


DATS,  1020 


11/15 
11/16 
11/17 


ll/18fa 

lb 

11/19/c 

Id 


VOL- 

UMB 


ce. 
15 
11 
17 


26 

9 
11 
17 


AMINO 
NITBOOKK 


Inlcc. 
bile. 


mgm. 
0.448 
0.638 
0.971 


0.83021.58 


0.770 
0.908 
0.948 


Total 

in  6 

hours. 


mom. 

6.72 

7.02 

16.51 


6.93 

9.99 

16.12 


TAURO- 

CHOLIC 

ACID 

IN  A 

HOUBS 


mgm. 
247 
258 
606 


792 

254 
367 
592 


BILI- 
RUBIN 

IN  6 
HOURS 


mom. 

87.7 
62.0 
85.3 


99.1 

10.7 

9.2 

23.3 


lbs. 

34.0 
33.5 
33.5 


34.0 


Carbohydrate  diet  (170  gm.) 
Carbohydrate  diet  (225  gm.) 
Meat  diet  (600  gm.) 


Meat  diet  (475  gm.) 
10  a.m.-4  p.m. 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 


11/29 
11/30 
12/1 
12/2 


w.|. 


9 

1.500 

13.50 

495 

72.4 

36.0 

8 

1.120 

8.95 

329 

102.0 

34.6 

16 

0.644 

10.30 

378 

116.8 

35.0 

30 

0.738 

22.14 

810 

41.8 

35.0 

15 

0.850 

12.75 

468 

43.3 

35.0 

32 

0.549 

17.57 

644 

21.2 

22 

0.595 

13.09 

480 

16.9 

17 

0.877 

14.91 

547 

111.3 

Carbohydrate  diet  (450  gm.) 
Carbohydrate  diet  (450  gm.) 
Meat  diet  (800  gm.) 
Meat  diet  (600  gm.) 

Meat  diet  (450  gm.) 
10  a.m.-4  p.m. 
Dog  struggling 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 


high  but  pretty  imiform.    The  volume  output  in  this  dog  is  constantly 
subnormal  as  compared  with  the  average  animal. 

Table  7  gives  the  results  of  three  experiments  on  different  bile  fistula 
dogs,  given  large  doses  of  taurocholic  acid  (2  grams)  in  solution  by 
stomach.  The  reaction  is  remarkably  uniform  in  these  three  different 
animals.    The  great  cholagogue  action  does  not  modify  the  bile  pigment 
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TABLE  4 

Ttoenty-four  ?tour  bile  collections  after  carbohydrate  feeding 

Dog  20-09.    White  bull  dog,  adult,  male 


VOI/- 

t7MB 

AMINO 

NITROOBN 

TAUBO- 

CHOLIC 

ACID 

IN  6 

HOUBB 

BILX- 
Rt7BIV 

IN  6 
BOUB8 

WBIOHT 

DATS,  1920 

In  1  CC. 

bile 

ToUl 

iD« 

hours 

10/11 
10/12 
10/13 
10/14 

CC. 

36 
44 
11 
63 

mom. 

0.253 

0.283 

0.224 

0.112 

mffm. 

9.11 

12.45 

2.46 

7.05 

mgm. 
333 

457 

90 

258 

mom. 

25.1 

21.4 

2.9 

20.5 

IbB. 

27.0 
26.3 
26.8 
25.5 

Mixed  diet 

Mixed  diet 

Carbohydrate  diet  (650  gm.) 

Carbohydrate  diet  (1000  gm.) 

a 
10/15 

b 

> 

lo/ioj^ 

23 

54 
17 
21 

0.140 

0.211 
0.407 
0.309 

3.22 

11.30 
6.92 
6.49 

118 

418 
253 
237 

15.1 

30.1 
21.3 
31.4 

25.0 

Carbohydrate  diet  (1000  gm.) 
10  a.m.-4  p.m. 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 

11/8 

47 

0.438 

20.58 

755 

58.9 

27.8 

Mixed  diet  (1150  gm.) 

11/9 

57 

0.397 

22.62 

830 

117.0 

27.6 

Carbohydrate  diet  (1000  gm.) 

11/10 

45 

0.295 

13.27 

487 

88.5 

27.3 

Carbohydrate  diet  (1000  gm.) 

11/11 

49 

0.337 

16.50 

605 

112.7 

26.3 

Carbohydrate  diet  (1000  gm.) 

a 

38 

0.308 

11.70 

429 

83.2 

Carbohydrate  diet  (700  gm.) 

ll/12i 

10  ajDa.-4  p.m. 

b 

30 

0  :^22 

9.66 

353 

61.6 

4  p.m.-10  p.m. 

11/13 

0 

36 

0.280 

10.08 

370 

72.7 

10  p.m.-4  a.m. 

Id 

27 

0.364 

9.82 

355 

72.4 

4  a.m.-10  a.m. 

12/6 

55 

0.255 

14.02 

514 

15.3 

24.5 

Carbohydrate  diet  (1000  gm.) 

12/7 

40 

0.312 

12.48 

457 

62.4 

24.5 

Carbohydrate  diet  (700  gm.) 

12/8 

40 

0.326 

13.04 

478 

89.8 

24.0 

Carbohydrate  diet  (1000  gm.) 

12/9 

41 

0.252 

10.33 

379 

57.0 
50.8 

23.5 

Carbohydrate  diet  (1000  gm.) 

a 

38 

0.227 

8.62 

314 

23.5 

Carbohydrate  diet  (1000  gm.) 

12/10 

10  a.m.-4  p.m. 

b 

27 

0.241 

6.51 

238 

38.8 

4  p.m.-10  p.m. 

12/n 

c 

37 

0.113 

4.18 

153 

40.3 

10  p.m.-4  a.m. 

Id 

28 

0.284 

7.95 

290 

53.0 

4  a.m.-lO  ajn. 
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TABLB6 

Ttoenty-four  how  hiU  collections  after  carbohydrate  feeding 

Dog  18-123.    Brindle  mongrel,  adult,  female 


VOl/- 
UlIB 

AMINO 

NITROaBK 

TAUBO- 

CHOLIC 

ACID 

IN  6 

HOtTBS 

BILX- 
BUBIN 

IN  6 
HOUB8 

WBIGHT 

DATS,  ^V2U 

Inlec. 
bile 

Totel 
in  A 
hours 

10/11 
10/12 
10/13 
10/14 

ee. 

31 
26 
48 
32 

mgm. 

0.352 
0.297 
0.322 
0.154 

mgm. 
10.91 

7.72 

15.45 

4.93 

mgm. 
400 
282 
568 
180 

41.4 

22.6 
20.9 
24.5 

18.0 

17.0 
18.0 
17.0 

Mixed  diet 
Mixed  diet 

Carbohydrate  diet  (620  gm.) 
Carbohydrate  diet  (830  gm.) 

10/15 
10/16 

a 

b 
c 
d 

18 

40 

14 

5 

0.267 

0.168 
0.225 

4.81 

6.72 
3.15 

176 

245 
115 

27.2 

27.8 

15.3 

6.1 

16.5 

Carbohydrate  diet  (710  gm.) 
10  a.m.-4  p.m. 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 

11/8 

29 

0.297 

8.61 

314 

47.4 

17.0 

Mixed  diet 

11/9 

23 

0.340 

7.82 

286 

36.0 

17.0 

Carbohydrate  diet  (750  gm.) 

11/10 

30 

0.295 

8.86 

324 

33.7 

17.5 

Carbohydrate  diet  (1000  gm.) 

11/11 

38 

0.309 

11.75 

432 

32.2 

Carbohydrate  diet  (860  gm.) 

a 

36 

0.280 

10.08 

370 

34.3 

17.5 

Carbohydrate  diet  (650  gm.) 

11/12 

b 

10  a.m. -4  p.m. 
4  p.m.-lO  p.m. 

11/13 

c 

23 

0.322 

7.41 

271 

50.0 

10  p.m.-4  a.m. 

d 

22 

0.392 

8.62 

351 

53.6 

4  a.m.-lO  a.m. 

12/6 

36 

0.255 

9.18 

337 

117.9 

16.3 

Carbohydrate  diet  (800  gm.) 

12/7 

25 

0.071 

1.77 

65 

37.0 

16.5 

Carbohydrate  diet  (675  gm.) 

12/8 

23 

0.298 

6.85 

251 

36.0 

16.5 

Carbohydrate  diet  (730  gm.) 

12/9 

26 

0.098 

2.54 

93 

36.2 

16,5 

Carbohydrate  diet  (800  gm.) 

a 

24 

0.156 

3.74 

137 

25.5 

16.5 

Carbohydrate  diet  (1000  gm.) 

12/10 

10  a.m.-l  p.m. 

b 

36 

0.156 

5.61 

206 

35.1 

4  p.m.-lO  p.m. 

12/ll(^ 

21 

0.129 

2.81 

103 

22.3 

10  p.m.-4  a.m. 

4  a.m.- 10  a.m. 
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output.  The  greater  part  of  the  2  grams  of  taurocholic  acid  is  elimi- 
nated in  the  6  hours  following  its  ingestion.  In  spite  of  this,  the  chola- 
gogue  action  is  much  in  evidence  in  the  second  period  of  6  hours.  This 
period  of  cholagogue  action  without  any  excess  of  bile  salt  excretion 
shows  that  the  outpouring  of  an  excess  of  fluid  in  bile  is  not  a  simple 
reaction  to  preserve  a  certain  salt  concentration  in  the  bile  passages. 

TABLE  6 

Twenty-four  hour  bile  collections  after  carbohydrate  feeding 

Dog  18-30.    Bull  dog,  adult,  female 


DATS,  1920 


11/8 
11/9 
11/10 

11/11 


11/12 
11/13< 


VOL- 


6 

8 

4 

10 


7 

10 

6 


AMINO 
NITROOSN 


In  1  CC. 

bile 


mgm. 

1.170 
0.964 
1.475 
0.867 


1.025 

0.616 
0.364 
0.420 


Total 
in  6 
hours 


tngm. 
7.02 
7.71 
5.90 
8.57 


9.22 

4.31 
3.64 
2.52 


TAUKO- 

CHOLIC 

ACID 

IN  6 

BOUB8 


mgm, 

257 
283 
216 
314 


338 

158 

134 

92 


BILI- 
RUBIN 

IN  6 
HOUBS 


mgm. 

51.2 
69.6 

100.0 


98.3 

85.1 
96.0 
71.9 


35.8 
35.0 
34.5 
34.0 


33.5 


Mixed  diet  (800  gm.) 
Carbohydrate  diet  (70  gm.) 
Carbohydrate  diet  (210  gm.) 
Carbohydrate  diet  (230  gm.) 


Carbohydrate  diet  (220  gm.) 

10a.m.-4p.m. 

4  p.m. -10  p.m. 

10  p.m.-4  a.m. 

4  a.m.-10  a.m. 


12/6 

12/7 
12/8 
12/9 


12/10] 


12/11 


35.0 

8 

1.690 

13.52 

496 

84.6 

34.5 

10 

1.090 

10.90 

400 

98.3 

34.0 

11 

0.882 

9.70 

356 

110.3 

33.5 

22 

0.383 

8.43 

309 

51.3 

17 

0.412 

7.00 

257 

76.2 

5 

0.925 

4.62 

169 

88.4 

5 

0.570 

2.85 

105 

146.0 

Carbohydrate  diet  (50  gm.) 
Carbohydrate  diet  (200  gm.) 
Carbohydrate  diet  (370  gm.) 
Carbohydrate  diet  (475  gm.) 

Carbohydrate  diet  (490  gm.) 
10  a.m. -4  p.m. 
4  p.m.-lO  p.m. 
10  p.m.-4  a.m. 
4  a.m.-lO  a.m. 


This  emphasizes  the  ease  with  which  the  various  elements  of  bile  secre- 
tion may  be  dissociated — ^the  fluid  and  salt  elements  and  bile  pigments. 
This  all  speaks  for  a  remarkable  diversity  in  functional  activity  of  the 
liver  cell.  It  may  be  well  to  note  that  this  crude  solution  of  tauro- 
cholic acid  was  obtained  from  whole  dog's  bile  evaporated  with  char- 
coal to  a  soft  paste,  extracted  with  water  and  filtered.  Obviously  other 
elements  besides  taurocholic  acid  are  present. 
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TABLET 
Twenty-four  hour  bile  collections  after  bile  feeding 


DATS,  1920 


VOL- 
UMB 


AMINO 
NITROOBN 


In  1  cc. 
bUe 


Total 
in  6 
hours 


TAUBO- 

CBOLIC 

ACID 

m6 

HOUBS 


BILI- 
BUBIN 

IN  6 
HOUBS 


Dog  18^123. 

Brindle,  mongrel,  adult,  female 

cc. 

tngm. 

mgm. 

mom. 

mom. 

U>M. 

12/13 

38 

0.410 

15.68 

572 

40.7 

16.5 

Mixed  diet 

12/14 

38 

0.314 

11.93 

440 

33.3 

16.5 

Meat  diet 

12/15 

40 

0.422 

16.88 

620 

34.8 

17.0 

Meat  diet 

12/16 

58 

0.434 

25.17 

924 

33.7 

17.0 

Mixed  diet 

a 

27 

0.412 

11.12 

408 

26.9 

16.8 

Mixed  diet 

12/17 

10  a.m.-4  p.m. 

b 

70 

0.909 

63.63 

2335 

18.3 

♦4  p.m.- 10  p.m. 

12/18{^ 

36 

0.369 

13.88 

609 

22.7 

10  p.m.-4  a.m. 

18 

0.468 

8.42 

309 

24.7 

4  a.m.-lO  a.m. 

Dog  18^30.    Bull  dog,  adult,  female 


12/13 

13 

0.452 

5.87 

215 

61.5 

33.5 

Mixed  diet  • 

12/14 

16 

0.814 

13.02 

478 

80.2 

34.0 

Mixed  diet 

12/15 

13 

1.100 

14.30 

525 

34.0 

Mixed  diet 

12/16 

14 

1.428 

19.99 

733 

61.5 

33.5 

Mixed  diet 

a 

7 

0.800 

5.60 

206 

43.9 

33.3 

Mixed  diet 

12/17 

10  a.m.-4  p.m. 

b 

60 

1.250 

75.00 

2755 

67.2 

*4  p.m.-lO  p.m. 

12/18{^ 

11 

1.010 

11.11 

408 

46.0 

10  p.m.-4  a.m. 

8 

1.190 

9.52 

349 

52.3 

4  a.m.-lO  a.m. 

Dog  20-99 

White  bull  dog,  young  adult,  male 

12/13 

40 

0.254 

10.16 

373 

33.4 

23.5 

Mixed  diet 

12/14 

48 

0.285 

13.68 

502 

28.4 

24.0 

Mixed  diet 

12/16 

50 

0.183 

9.15 

334 

25.0 

24.0 

Mixed  diet 

12/16 

50 

0.238 

11.90 

437 

41.8 

23.5 

Mixed  diet 

a 

32 

0.337 

10.78 

396 

41.8 

23.3 

Mixed  diet 

12/17 

10  a.m.-4  p.m. 

b 

67 

0.955 

63.98 

2347 

36.5 

*4  p.m.-lO  p.m. 

12/18{^ 

63 

0.211 

13.29 

487 

35.6 

10  p.m .-4  a.m. 

45 

0.211 

9.45 

345 

32.9 

%  a.m.-lO  a.m. 

*  At  4  p.m.,  a  solution  of  extracted  dog's  bile,  containing  2  grams  of  taurocholio 
acid,  made  up  to  400  cc.  with  water,  was  given  by  stomach  tube. 
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DISCUSSION 


In  all  experiments  with  bile  fistula  dogs  we  believe  it  essential  to 
work  with  animals  of  two  types — one  with  complete  exclusion  of  bile 
from  the  duodenum  and  one  with  incomplete  exclusion  or  a  little  seepage 
of  bile  through  a  small  strictured  common  duct.  This  second  t3rpe  is 
well  illustrated  above  (dog  18^0)  and  is  of  much  importance.  These 
dogs  during  drainage  periods  will  certainly  yield  a  complete  bUe  flow 
as  the  flow  through  the  stricture  is  not  easy  and  in  the  standing  posture 
the  escape  of  bile  into  the  cannula  is  very  prompt  and  complete.  But 
during  resting  or  night  periods  there  is  a  flow  of  an  undetermined  volume 
of  bile  into  the  duodenum  and  this  is  sufficient  to  maintain  these  dogs 
in  perfect  phjrsical  condition.  There  are  certain  objections  to  both 
types  of  experimental  animal  but  a  combination  of  these  t3rpes  gives 
data  which  we  believe  are  trustworthy  and  of  real  phjrsiological  signi- 
ficance. 

Dogs  with  biliary  fistulas  and  complete  exclusion  of  bile  from  the 
duodenum  suffer  from  a  variety  of  peculiar  intoxications  and  metabolic 
disturbances,  some  of  which  have  been  noted  previously.  We  record 
certain  bony  changes  in  the  autopsy  notes  of  two  of  the  bile  fistula  dogs. 
(Dogs  20-99  and  18-123.)  These  abnormalities  are  of  considerable 
interest  as  relating  to  the  metabolism  of  inorganic  salts  and  will  be  the 
subject  of  a  future  communication. 

Our  experiments  with  the  long  24-hour  collections  give  no  constant 
results  to  indicate  a  decided  fall  in  output  at  night  or  during  the 
early  morning  hours.  The  amounts  of  bile  acids  and  bile  pigments  are 
not  uniformly  decreased  during  the  periods  of  sleep.  The  same  state- 
ment applies  to  volume  output  of  bile. 

We  wish  again  to  point  out  the  ease  with  which  one  can  dissociate 
the  various  constituents  of  the  bile  (table  7).  Large  doses  of  crude 
taurocholic  acid  cause  a  prompt  rise  in  bile  salt  excretion  so  that  practi- 
cally all  the  taurocholic  acid  is  excreted  within  6  hours  after  its  ingestion. 
But  the  cholagogue  action  persists  during  the  second  6-hour  period  or 
longer,  showing  dissociation  of  salt  and  fluid  elimination.  The  bile 
pigment  output  remains  constant  throughout. 

One  can  detect  no  difference  in  cholagogue  action  whether  the  bile 
salt  is  given  during  the  mdming  or  evening.  The  reaction  will  be  the 
same  during  the  day  or  during  night  periods  when  the  dog  is  sleeping 
comfortably  most  of  the  time. 


Digitized  by 


Google 


VARIATIONS  IN  OUTPUT  OP  BILE  SALTS  AND   PIGMENTS  133 

SX7MMART 

Bile  fistula  dogs  will  show  little  if  any  difference  in  the  output  of  bile, 
bile  salts  or  bile  pigments  dining  four  consecutive  6-hour  periods. 
There  are  no  constant  differences  to  be  made  out.  If  anything  can 
be  saidy  it  is  to  the  effect  that  at  times  the  night  output  is  slightly  less 
than  the  normal  daily  output.  This  applies  to  healthy  bile  fistula 
dogs. 

Peculiar  bony  abnormalities  are  noted  as  related  to  the  constant  loss 
of  bile  in  such  animals. 

Complete  dissociation  of  the  bile  constituents  can  be  demonstrated 
(table  7)  after  a  large  dose  of  taurocholic  acid.  Following  a  2-gram 
dose  we  observe  a  great  rise  in  bile  salt  content  during  the  first  6-hour 
period.  During  the  second  6-hour  period  the  bile  salt  content  is  about 
normal  but  the  cholagogue  action  is  still  much  in  evidence  and  the 
fluid  output  therefore  is  dissociated  from  the  bile  salts.  The  bile  pig- 
ments are  constant  before  and  after  the  .period  of  bile  salt  administra- 
tion and  elimination. 

This  all  speaks  for  a  remarkable  diversity  in  liver  cell  function — a 
point  not  too  frequently  emphasized. 
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The  changes  which  can  be  brought  about  in  the  activity  of  the 
respiratory  center  in  laboratory  animals  by  various  forms  of  sensory 
stimulation  and  by  alterations  in  the  composition  of  the  blood  are  often 
decidedly  variable  and  this  is  the  case  not  only  for  animals  of  different 
species  but  also,  not  infrequently,  for  individuals  of  the  same  species. 
There  can  be  no  doubt  that  a  part  of  this  inconstancy  in  results  is 
dependent  on  the  fact  that  the  observations  have  usually  been  made  on 
animals  that  are  under  varying  degrees  of  anesthesia.  The  degree  of 
anesthesia  affects  the  respiratory  canter  in  part  because  this  is  directly 
depressed  by  the  anesthetic  and,  in  part,  because  of  dulling  of  the 
sensitivity  of  the  higher  (affective)  centers  which,  it  is  well  known, 
have  a  close  relationship  in  the  conscious  animal  with  changes  in  respira- 
tion. Thus,  in  a  conscious  animal  even  the  mildest  stimulation  of  the 
pain  receptors  is  usually  associated  with  a  decided  change  in  breathing, 
which  is  not  always  the  case  under  conditions  of  general  anesthesia. 

In  order  to  eliminate  the  errors  due  to  unequal  degrees  of  anesthesia 
we  have  chosen,  for  investigation  of  the  behavior  of  the  respiratory 
center,  animals  in  which  the  higher  centers  have  been  removed  by  sec- 
tion of  the  brain  stem  about  the  level  of  the  anterior  corpora  quadri- 
gemina.  In  certain  animals,  notably  the  cat,  this  operation  usually 
furnishes  a  preparation  in  which  the  breathing  proceeds  with  more  or 
less  regularity  for  many  hours  and,  if  the  decerebration  be  quickly 
performed  immediately  after  placing  the  animal  deeply  under  ether, 
every  trace  of  the  anesthetic  is  removed  from  the  blood  within  an  hour 
after  the  decerebration.  As  has  been  pointed  out  elsewhere  (1)  many 
cats  do  not  respire  normally  after  the  decerebration,  a  condition  of 
hyperpnea  becoming  gradually  developed  for  the  incidence  of  which  the 
exact  position  of  the  section  of  the  brain  stem  and  the  age  of  the  animal 
are  the  chief  determining  factors. 

134 


Digitized  by 


Google 


NERVOUS  AKD  HORMONE  CONTROL  OF  RESPIRATORY  CENTER      135 

In  a  successful  decerebrate  preparation  the  chief  respiratory  center  is 
isolated  from  two  types  of  impulses  which  in  the  intact  animal  greatly 
influence  its  activity,  namely,  those  from  the  higher  (cerebral)  centers 
and  those  from  the  nasal  mucosa.  Although  this  partial  isolation  must 
be  borne  in  mind  in  the  interpretation  of  the  results  obtained  by  experi- 
mental alterations  in  the  activity  of  the  center,  many  of  these  are  of  so 
definite  and  constant  a  nature  that  they  must  be  considered  as  represent- 
ing conditions  which  come  into  play  in  the  intact  animal. 

The  observations  recorded  in  the  present  paper  have  been  made  on 
animals  (mainly  cats)  in  which  the  breathing  was  perfectly  regular  one 
hour  after  decerebration  by  Sherrington's  method.  To  prevent  fall  in 
body  temperature  the  preparations  were  kept  on  a  heated  table  with 
the  head  end  somewhat  raised  on  a  hot  water  bag.  The  rectal  tempera- 
ture was  frequently  observed  and  the  heating  suitably  adjusted  if  any 
changes  in  this  were  observed  to  occur. 

Several  related  problems  have  been  investigated  all  bearing  on  the 
general  question  of  the  excitability  of  the  center  during  alterations  in 
the  composition  of  the  blood,  or  i^ter  removal  of  the  afferent  impulses 
arriving  at  it  through  the  vagus  nerves.  The  results  are  grouped  under 
various  headings. 

The   EFFECT  PRODUCED   ON  BREATHING   BY  SECTION  OF  THE  VAGUS 

NERVES.  It  is  usually  stated  that  the  action  of  the  respiratory  center 
besides  becoming  very  slow  also  becomes  irregular  and  inadequate 
when  the  vagus  nerves  are  cut  in  animals  from  which  the  higher  centers 
have  been  removed  (2).  We  have  found  this  to  be  the  case  in  decere- 
brate rabbits  but  not,  as  a  rule,  in  decerebrate  cats.  Decerebration  in 
animals  of  the  former  group  is  not  generally  so  successful  as  in  those 
of  the  latter  and  it  is  best  performed  by  means  of  a  blunt  hook  passed 
into  the  brain  case  through  a  trephine  hole.  Only  a  few  of  the  decere- 
brations  are  really  successful  in  the  sense  that  regular  and  efSlcient 
breathing  persists  after  the  operation,  but  when  it  does  so,  section  of 
both  vagi  invariably  causes  a  complete  breakdown  and  the  rabbit 
soon  dies  of  asphyxia.  In  some  rabbits  section  of  one  vagus  nerve  is 
sufficient  to  have  this  effect,  as  is  illustrated  in  the  tracing  of  figure  1 .  In 
this  case  section  of  the  right  vagus  was  immediately  followed  by  a  pro- 
longed period  of  apnea  succeeded  by  very  slow  deep  respirations.  At 
the  points  indicated  on  the  tracing  small  amounts  of  an  approximately 
normal  solution  of  hydrochloric  acid  were  injected  intravenously  with 
the  result  that  the  breathing  became  deeper  without  any  change  in 
rhythm. 
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In  decerebrate  cats  section  of  one  vagus  does  not  usually  have  any 
effect  on  breathing  but  section  of  the  nerve  on  both  sides  causes  the 
rhythm  to  decline  and  the  depth  to  become  greater.  In  the  experiment 
shown  in  figure  2,  the  upper  tracing  is  that  from  a  tambour  connected 
with  the  thorax  and  the  lower,  from  a  Gad-Krogh  spirometer  placed  in 
series  in  a  closed  system  of  wide-bore  tubing  furnished  with  valves  and 
soda-lime  absorbers  and  connected  with  the  trachea.  The  volume  of 
air  breathed  in  a  unit  of  time  is  therefore  determined  by  multiplying  the 
height  of  each  respiration  by  the  rate.    The  air  in  the  closed  system 


Fig.  1.  (Rabbit  4)  Cutting  of  vagus  nerve  on  right  side  in  decerebrated 
rabbit  caused  entire  break  down  of  respiratory  rhythm  (upper  tracing)  and  tem- 
porary fall  in  blood  pressure  (lower  tracing).  The  respirations  were  recorded  by 
a  balloon  placed  between  the  liver  and  diaphragm.  The  efifect  of  injection  into 
the  peripheral  end  of  one  of  the  carotid  arteries  of  0.4  cc.  of  weak  HCL  in  0.9  NaCl 
is  also  shown.    Time  in  seconds. 

contained  excess  of  oxygen.  By  comparison  of  the  volume  of  air 
breathed  per  minute  it  will  be  observed  that  a  decrease  occurred  im- 
mediately after  vagotomy  as  in  the  experiment  shown,  where  it  decreased 
from  960  cc.  to  700  cc.  per  minute.  In  such  cases  pulmonary  ventila- 
tion is  adequately  performed  with  a  lesser  minute  volimie  of  air  because 
each  breath  is  deeper  and  therefore  more  thoroughly  renews  the  air  in 
the  alveoli.  The  difference  in  minute  volume  is  however  not  much 
changed  as  a  rule  and  sometimes  it  may  even  be  slightly  increased  and 
it  is  interesting  that  when  progresrively  greater  percentages  of  COi  are 
inspired  it  increases  at  about  the  same  rate  before  as  after  vagotomy 
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(curve  I,  fig.  4).  There  were  no  signs  of  asphyxia  in  these  animals  after 
vagotomy — as  judged  from  the  behavior  of  the  blood  pressure,  the 
longevity  of  the  animal  and  the  arterial  character  of  the  blood — and 
the  oxygen  consumption  remains  normal — ^as  judged  from  the  slope  of 
the  descent  of  the  spirometer  curve. 

it  is  of  interest  to  compare  the  rate  of  breathing  before  and  after 
the  vagotomy,  as  is  done  in  the  following  table: 

Rate  of  breathing 


KUMBKB 

BBVOBB  VAQOVOMT 

AFTBB  YAOOTOUT 

BATXO 

per  minuU 

per  minute 

II 

46 

16 

2.87:1 

III(fig.3) 

41 

20 

2.05:1 

la 

42 

14 

3.00:1 

Ilia 

23 

11 

2.09:1 

The  fact  comes  to  light  that  there  is  often  a  simple  ratio  between  the 
rate  before  and  after  vagotomy.  What  this  may  mean  is  difficult  to 
say.  It  suggests  that  there  is  a  certain  fundamental  rhythm  of  the 
center  which  is  independent  of  afferent  vagal  impluses  and  in  the  de- 
cerebrate animal  at  least  is  influenced  mainly  by  the  temperature  of  the 
blood  and  perhaps  by  extreme  anoxemia  and  by  poisons.  It  will  be 
observed  that  this  rhythm  varied  between  11  and  20  in  our  experi- 
ments, these  differences  being  probably  partly  dependent  on  differences 
in  temperature  of  the  animal.  Although  this  was  observed  regularly 
so  as  to  indicate  what  degree  of  heat  we  should  turn  on  to  the  table, 
it  might  vary  by  1°C.  and  it  is  altogether  likely  that  the  temperature 
of  the  blood  in  the  medulla  would  vary  still  more.  This  fundamental 
rhythm  is  accelerated  2  or  3  times  by  the  vagal  impulses  but  not  appar- 
ently, in  decerebrate  animals,  to  intermediate  degrees.  Of  course  such 
ratios  can  be  expected  only  when  there  has  been  no  stimulation,  of  the 
respirations — either  hormone  or  nervous — before  the  vagi  were  cut.  If 
this  operation  be  performed  during  COj-hyperpnea,  for  example,  then, 
as  shown  in  figure  3,  no  simple  ratio  is  Ukely  between  the  breathing 
immediately  before  and  after. 

It  should  be  added  that  section  of  the  vagi  sometimes  causes  complete 
breakdown  of  breathing  in  decerebrate  cats,  but  in  our  experience  this 
is  the  exception  rather  than  the  rule.  The  exact  position  of  the  cut 
across  the  brain  stem  is  the  most  important  factor  in  determining 
whether  or  not  vagotomy  will  cause  respiratory  failure.    In  our  experi- 
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ence,  if  the  anterior  corpora  quadrigemina  be  intact  respiratory  failure 
does  not  follow  vagotomy,  but  if  the  cut  involve  these  structurestoany 
considerable  extent  it  is  likely  to  occur. 


Fig.  3.  (Cat  32)  Cutting  of  both  vagi  in  decerebrated  cat  caused  the  respira- 
tions to  become  slower  but  not  irregular.  At  the  time  when  the  nerves  were  cut 
the  animal  was  respiring  in  a  closed  system  so  that  the  percentage  of  COs  in  the 
alveolar  air  was  steadily  rising,  as  indicated  by  the  figures.  Upper  tracing,  tam- 
bour; middle  tracing,  spirometer;  lower  tracing,  arterial  blood  pressure.  Time 
in  seconds. 

The  relationship  between  the  hormone  and  nervous  control 
OF  the  respiratory  center.  Current  opinion  is  decidedly  vague  as  to 
the  precise  relationship  existing  between  hormone  and  afferent  stimula- 
tion of  the  respiratory  center.    According  to  the  usually  accepted  view 
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the  rhythmic  discharges  of  the  center  are  regulated  to  a  rate  and  depth 
that  is  adequate  for  efficient  respiration,  partly  by  the  action  of  the  respi* 
ratory  hormones  affecting  the  depth  and  partly  by  certainaflferentstimuli 
(affecting  mainly  thcf  rate)  arriving  at  it  principally  by  way  of  the 
vagus  nerves.  Afferent  stimuli  from  other  sources,  and  cerebral  im- 
pulses, only  occasionally  act  on  the  center,  either  exciting  or  inhibiting 
its  rhjrthm  temporarily.  The  question  therefore  arises  as  to  whether 
maintained  changes  in  either  the  nervous  or  the  hormone  stimulus  may 
alter  the  excitability  of  the  center  toward  occasional  changes  of  the 
other  form  of  stimulus. 

a.  The  effect  of  vagotomy  on  the  excitability  of  the  center  toward  hor- 
mones. To  determine  whether  the  excitability  of  the  center  toward  hor- 
mone stimulation  becomes  altered  when  it  is  almost  entirely  isolated 
from  afferent  stimuli,  we  have  measured  the  effects  produced  on  the 
minute  volume  of  air  breathed  when  the  percentage  of  carbon  dioxide 
in  the  inspired  air  is  increased  in  decerebrate  cats  (by  the  same  tech- 
•  nique  as  that  used  by  R.  W.  Scott  (3) ,  before  and  after  vagotomy.  The 
results  of  one  of  several  experiments,  all  yielding  corresponding  results, 
are  shown  in  the  accompanying  curves  (fig.  4)  in  which  the  figures  on 
the  abscissa  give  the  percentages  of  CO2  in  the  inspired  air,  and  those 
on  the  ordinates  the  number  of  cubic  centimeters  of  air  breathed  per 
minute.  The  thick  continuous  line  is  drawn  from  the  results  obtained* 
before  vagotomy  and  the  thick  broken  line  from  those  after  vagotomy 
in  the  same  cat.  The  number  of  respirations  is  also  depicted  in  the 
curves  drawn  in  thin  lines.  It  will  be  seen  that  there  is  a  very  close 
correspondence  in  the  results  of  the  two  experiments.  In  no.  I  the 
initial  respiratory  volume  is  somewhat  greater  after  decerebration  than 
before  (about  40  cc.)  but  by  the  time  2.5  per  cent  of  carbon  dioxide  was 
being  inspired  the  volumes  have  come  to  be  the  same.  The  rate  of 
breathing  (thin  dotted  line)  increases  along  with  the  minute  volume 
before  vagotomy  but  remains  unchanged  after  this  operation  until  higher 
percentages  of  CO2  are  being  inspired,  when  it  may  decline.  During 
both  experiments  the  rate  of  increase  of  breathing  for  different  percent- 
ages of  CO2  is  somewhat  greater  than  the  average  given  by  R.  W.  Scott 
probably  because  a  smaller  volume  of  air  was  contained  in  the  rebreath- 
ing  system  of  tubing.  This  air  was  mixed  with  a  large  excess  of  oxygen, 
there  being  always  well  over  20  per  cent  of  this  gas  present  at  the  end  of 
each  observation.  The  parallelism  in  the  curves  persists  imtil  about  4 
per  cent  of  CO2  was  being  breathed  when  the  curve  after  vagotomy 
becomes  less  steep  and  at  about  5  per  cent  actually  begins  to  decUne. 
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This  failure  of  the  respiratory  response  at  higher  percentages  of  CO2  has 
not  been  invariably  observed  in  other  experiments  of  the  same  type. 

KATC    ce. 


•ATI       C^. 


Fig.  4.  Curves  showing  the  relationship  between  breathing  and  progressively 
increased  percentage  of  CO2  in  inspired  air  before  and  after  vagotomy  in  decere- 
brate cats.  Thick  continuous  and  broken  lines  represent  the  minute  volume  of 
respired  air,  thin  lines  the  rate  of  breathing  per  minute. 

Thus  it  did  not  occur  in  the  second  series  of  curves  shown  in  figure  4. 
liVhen  it  occurs  it  is  accompanied  by  a  slowing  of  the  breathing  and  it 
indicates  that  the  limit  of  hyperpnea  has  been  reached.    This  limit 
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might  be  determined  either  by  the  extent  of  expansion  and  collapse  of  the 
thorax  or  by  exhaustion  of  the  respiratory  center.  Examination  of 
tracing  of  the  respiratory  movements  does  not  throw  light  on  this 
question  because,  being  accelerated  as  well  as  deepened,  each  respiratory 
movement  before  vagotomy  is  of  course  much  less  than  after  it.  The 
actual  slowing  of  breathing  that  often  supervenes  at  high  COt  percent- 
ages after  vagotomy  leads  us  to  believe  that  the  breakdown  is  due  in 
the  first  instance  to  the  limit  of  increased  ventilation  having  been 
reached  so  that  COs  is  less  well  got  rid  of  in  the  lungs  and  by  accumu- 
lating in  the  blood  more  rapidly  than  would  be  the  case  with  freer 
breathing,  develops  a  toxic  anesthetic  effect  on  the  respiratory  center. 

The  conclusion  which  we  draw  from  the  experiments  is  that  section 
of  the  vagi  in  decerebrate  cats  does  not  alter  the  excitability  of  the 
respiratory  center  toward  the  chief  respiratory  hormone  (COs-tension) 
at  least  until  the  stimulus  becomes  excessive.  The  breakdown  under 
the  latter  conditions  is  due  to  the  failure  of  the  respirations  to  accelerate. 

These  observations  confirm  those  of  F.  H.  Scott  (4)  made  on  anesthe- 
tised  rabbits. 

b.  The  effect  of  alterations  in  the  respiratory  hormones  on  the  reflex 
excitability  of  the  center.  In  the  following  experiments  the  response  of 
the  respiratory  center  toward  afferent  nerve  stimulation  after  intrave- 
nous injections  of  acid  or  alkali,  or  during  breathing  air  that  was  rich 
in  COi  or  deficient  in  oxygen,  was  investigated.  The  central  end  of  the 
sciatic  or  vagus  nerve,  placed  in  Sherrington's  electrodes,  was  stimulated 
with  the  Faradic  current  and,  the  strength  of  stimulus  just  necessary 
to  produce  a  distinct  and  constant  response  having  been  ascertained, 
the  hormone  stimulus  was  caused  to  vary,  by  the  methods  just  men- 
tioned, and  the  electrical  stimulus  again  applied. 

1.  The  effect  of  injections  of  sodium  carbonate  sohdion.  It  has  already 
been  pointed  out  that  the  respiratory  effects  which  follow  such  injections 
are  much  less  pronounced  than  was  formerly  believed  to  be  the  case  (3). 
Only  when  comparatively  strong  solutions  of  this  alkali  are  injected 
rapidly  is  there  any  decided  diminution  of  breathing  and  R.  W.  Scott 
has  shown  that  enough  may  be  injected  slowly  to  raise  pH  of  the  blood 
to  7.7  or  7.8  without  much  diminution  in  the  minute  volume  of  air 
breathed. 

In  figure  5  are  shown  the  effects  of  stimulation  of  the  sciatic  nerve 
before  and  after  the  injection,  during  a  period  of  8  minutes,  of  10  cc. 
of  a  4  per  cent  solution  of  sodium  carbonate  in  gum  saline.  According 
to  Scott's  results  this  should  cause  the  blood  to  become  decidedly  alka- 
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line  (3).  With  the  secondary  coil  at  26  cm.  before  the  injection  the 
respirations  were  slowed,  expiration  being  deepened,  and  there  was  a 
alight  pressor  effect  on  blood  pressure.  Immediately  after  the  injection 
the  results  were  as  nearly  as  possible  the  same,  being,  if  anything, 
slightly  more  pronounced.  This  experiment  has  been  repeated  several 
times  and  we  could  never  convince  ourselves  that  the  alkaline  injections 


8tMs 


Fig.  5.  (Gat  21,  2.6  kgm.)  The  efifeot  of  stimulation  of  the  central  end  of  the 
sciatic  nerve  before  and  after  the  injection  of  gum  saline  containing  4  per  cent 
sodium  carbonate.  There  is  no  evidence  of  depression  in  the  excitability  of  the 
center  although  pH  was  presumably  raised.    Time  in  seconds. 

had  any  constant  effect  one  way  or  the  other  on  the  excitability  of  the 
center  to  nerve  stimulation. 

g.  The  effedt  of  injections  of  add  sdutiane.  These  are  shown  in  figure 
6.  With  the  secondary  coil  at  26  cm.  inspiration  was  slightly  excited 
and  the  blood  pressure  decidedly  increased,  and  these  results  were  not 
perceptibly  altered  inunediately  after  the  injections  of  as  large  amoimts 
of  a  solution  of  lactic  acid  as  the  heart  would  tolerate.    Even  after 
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repeated  injections  of  the  acid  solution,  which  were  made  in  the  interval 
elapsing  between  the  two  parts  of  the  tracing,  no  increased  excitability 
of  the  respiratory  center  could  be  demonstrated  as  is  evident  from  the 
later  part  of  the  tracing. 

3.  The  effect  of  breathing  atmospheres  rich  in  carbon  dioxide.  The 
objection  may  be  raised  to  the  above  described  experiments  with  acid 
on  the  gound  that  their  effects  on  the  H-ion  concentration  of  the  blood 


Fig.  6.  (Cat21,  2.5  kgm.)  Stimulation  of  central  end  of  sciatic  nerve  before 
iind  imimediately  after  the  injection  of  N  lactic  acid  in  as  large  amounts  as  the 
animal  would  tolerate.    Time  in  seconds. 

supplying  the  respiratory  center  had  passed  off  before  the  second 
series  of  afferent  stimuli  was  applied.  It  became  necessary  to  supply 
the  acid  continuously,  but  since  we  have  foiind  that  continuous  injections 
bf  Solutions  of  mineral  acids  are  very  liable  to  cause  a  sudden  breakdoum  of 
the  respiratory  mechanism,  at  least  in  decerebrate  cats,  we  decided'  to 
teing  about  the  desired  increase  in  the  hormone  stimultis  by  Causing 
thfe  animals  to  breathe  atmospheres  containing  sufficiently  high  percent- 
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ages  of  COi  definitely  to  excite  the  respirations.  The  effect  of  afferent 
nerve  stimulation  was  then  observed  immediately  before  and  during 
the  hyperpnea. 

The  results  of  such  an  experiment  are  shown  in  figure  7.  In  this  case 
the  middle  tracing  (spirometer)  was  taken  with  a  clamp  applied  to  the 
outlet  tube  of  the  spirometer  with  a  pressure  which  was  sufficient  to 
make  the  rate  of  filling  and  of  empt3ring  just  balance  for  ordinary  breath- 
ing. The  very  slightest  increase  or  decrease  in  the  minute  volume  is 
therefore  indicated  by  a  rise  or  fall  in  the  level  of  the  spirometer  tracing. 
It  will  be  observed  that  stimulation  of  the  central  end  of  one  vagus  nerve 
with  the  secondary  coil  at  45  cm.  caused  a  slight  increase  in  the  minute 
voltune  which  was  practically  the  same  during  a  prolonged  state  of 
hyperpnea  produced  by  respiring  COj-rich  air  as  it  was  in  the  preceding 
and  following  periods.  During  one  of  the  periods  of  stimulation 
(marked  *  on  tracing)  the  administration  of  COs  caused  a  slightly 
greater  response  than  the  usual  but  this  is  the  only  instance  in  a  consid- 
erable number  of  experiments  in  which  such  an  effect  has  been  observed. 

Similar  conclusions  can  be  drawn  from  the  tracing  shown  in  figure  8 
in  the  experiment  of  which  the  outlet  tube  of  the  spirometer  was  com- 
pletely clamped  at  intervals  so  that  its  rate  of  filling  might  be  deter- 
mined. Unfortunately  the  capacity  of  the  spirometer  between  the 
two  lines  is  not  exactly  known  for  this  experiment  but  this  does  not 
really  matter  for  purposes  of  comparison,  the  rate  of  filling  being  pro- 
portional to  the  distances  between  the  vertical  lines.  With  the  coil 
at  40  cm.  stimulation  of  the  central  end  of  the  sciatic  nerve  caused  a 
marked  rise  in  blood  pressure  and  changed  the  rate  of  filling  of  the 
spirometer  on  an  average  from  17  second's  to  10  seconds  and  later  from 
15  seconds  to  12  seconds,  while  the  animal  was  breathing  outside  air. 
During  the  hyperpnea  caused  by  breathing  a  COa-rich  atmosphere  the 
same  strength  of  stimulus  produced  less  effect  on  the  blood  pressure, 
the  rate  of  filling  of  the  spirometer  being  changed  on  an  average  from 
14  seconds  to  11  seconds  and  later,  from  15  seconds  to  12  seconds. 
There  is  in  these  results  no  evidence  that  the  excitability  of  the  center 
has  been  altered  by  carbon  dioxide. 

Although  we  have  been  unable  to  confirm  Cohen  (5),  who  performed 
similar  experiments,  we  are  prepared  to  admit  that  the  problem  de- 
mands still  further  investigation.  Inasmuch  as  it  has  been  shown, 
especially  by  Collip  (6),  that  respiratory  excitement  may  result  from 
intravenous  injection  of  bicarbonate  solutions  and  in  light  of  the 
obwrvations  of  Jacobs  (7)  on  the  cause  for  the  greater  exciting  effect 
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of  CO2  tension  than  would  correspond  to  its  effect  on  the  CH  of  the 
blood,  we  propose  to  repeat  this  part  of  the  investigation  ainder  more 
strictly  controlled  conditions  of  afferent  nerve  stimulation. 

4.  The  effect  of  anoxemia.  From  the  tracing  shown  in  figure  9  it  will  be 
seen  that  the  effect  of  stimulation  of  the  central  end  of  the  vagus  nerve 


Fig.  9.  (Cat  14)  Stimulation  of  central  end  of  vagus  before  and  during  breath- 
ing into  an  atmosphere  very  deficient  in  Os.    Time  in  seconds. 

was  the  same  when  the  animal  was  breathing  in  an  atmosphere  containing 
about  10  per  cent  O2  as  in  outside  air.  The  spirometer  tracing  was 
taken  by  the  same  method  as  in  experiment  7.  This  observation  has 
been  repeated  at  various  stages  of  anoxemia  and  always  with  the  same 
result,  i.e.,  at  no  stage  in  anoxemia  can  it  be  shown  that  the  respiratory 
center  is  hyperexcitable  to  afferent  nerve  stimulation. 
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The  influence  of  section  of  the  vagus  nerve  on  the  gradual 
increase  in  breathing  which  supervenes  shortly  after  causing 
AN  ANDfAL  TO  BREATHE  INTO  A  CLOSED  SYSTEM  OF  TUBES.  The  Occur- 
rence of  this  form  of  hyperpnea  has  been  noted  in  a  previous  communi- 
cation (4)  where  also  it  is  shown  that  deficiency  of  oxygen  cannot  be 
its  cause.  The  slight  resistance  that  is  offered  to  the  movement  of  air 
due  to  friction  in  the  tubing,  by  raising  the  intrapuhnonary  pressure, 
was  considered  to  be  the  cause  of  the  hyperpnea  although  a  similar 
increase  of  breathing  could  not  be  induced  by  weighting  the  spirometer. 
The  only  other  possible  explanation  of  the  phenomenon  is  that  the 
tension  of  CO2  in  the  alveolar  air  becomes  raised  by  breathing  in  the 
closed  system  (even  although  this  contains  COs  absorbers)  and,  con- 
sequently, the  COt  tension  in  the  blood.  The  more  or  less  gradual 
onset  of  the  hyperpnea  would  lend  support  to  this  view.  As  a  matter 
of  fact,  however,  the  percentage  of  COs  in  the  alveolar  air  is  decidedly 
decreased  during  the  hyperpnea  and  R.Q.  is  raised  (cf.  4).  Nor  can 
prolongation  of  the  dead  space  be  held  accountable  for  the  phenomenon* 

If  reflex  stimulation  of  the  respiratory  center  be  the  cause,  it  is  pre- 
sumably through  the  vagus  nerves  that  the  afferent  impulses  would  pass. 
It  is  therefore  of  interest  to  observe  the  influence  of  section  of  the  vagus 
nerves  on  the  phenomenon.  The  results  of  such  an  observation  are 
shown  in  figure  2.  Before  section  of  the  nerves  both  the  rate  and  the 
depth  of  breathing  increased  gradually  after  connecting  the  trachea  with 
the  closed  system  whereas  after  the  section  only  the  depth  increased. 
In  two  minutes  the  minute  volume  of  respired  air  increased  from  585 
cc.  to  1420  cc.  with  intact  nerves  and  from  375  cc.  to  750  cc.  when  these 
were  cut.  This  result  shows  that  a  reflex  through  the  vagus  nerves 
cannot  be  responsible  and  we  are  driven  to  conclude  either  that 
afferent  pathways  from  the  respiratory  muscles  must  be  concerned  or 
that  some  at  present  inexplicable  change  in  the  hormone  stimulus  is 
the  cause  of  the  hyperpnea. 

CONCLUSIONS 

After  section  of  the  vagus  nerve  in  decerebrate  cats,  the  breathing 
usually  declines  somewhat  in  minute  volume  and  the  rate  diminishes, 
often  in  some  simple  ratio  to  the  normal  rate.  Similar  section  in 
decerebrate  rabbits  causes  complete  breakdown  of  the  respiratory 
function.  Increasing  the  percentage  of  carbon  dioxide  in  the  inspired 
air  has  almost  exactly  the  sanjie  stimulating  effect  on  respirations  before 
and  after  section  of  the  vagi,  the  only  difference  being  that  with  high 
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percentages  of  CO^,  the  respirations  after  section  of  the  vagi  become 
slower  and  the  minute  volmne  ceases  to  increase  and  may  decline. 

The  excitability  of  the  respiratory  center  to  afferent  nerve  stimulation 
(sciatic  and  vagus)  is  not  definitely  increased  after  the  intravenous 
injection  of  fixed  acid  or  during  the  hyperpnea  induced  by  respiring 
atmospheres  rich  in  carbon  dioxide  or  atmospheres  poor  in  oxygen. 

Conversely  it  is  not  decreased  after  the  injection  of  sufficient  amounts 
of  sodium  carbonate  to  lower  the  H-ion  concentration  of  the  blood. 

These  results  show  that  the  reflex  excitability  of  the  respiratory  cen- 
ter is  not  altered  by  changes  in  the  respiratory  hormone  (CH  andCOr 
tension)  of  the  arterial  blood. 

The  gradual  increase  in  breathing,  which  occurs  immediately  after 
connecting  the  trachea  with  a  closed  system  of  wide  bore  tubes,  still 
occurs  after  section  of  the  vagi. 
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The  following  investigation  deals  with  certain  effects  of  alcohols  and 
particularly  with  the  question  whether  in  a  series  of  isomeres  branching 
of  the  chain  determines  the  relative  efficiency  of  the  members  of  the 
series. 

The  experiments  were  performed  on  AUolobophora  fietida.  Each 
worm  was  stimulated  by  the  method  described  in  a  previous  paper  (1). 
In  the  present  investigation  one  worm  was  used  for  each  experiment, 
as  suggested  by  Crozier  (2),  instead  of  using  the  same  worm  for  a  series 
of  experiments.  The  worm  was  placed  on  a  table  surrounded  by  a  test 
solution,  and  allowed  to  crawl  freely  to  the  edge  of  the  table  and  enter 
the  solution.  The  reaction  time  (which  is  represented  by  the  time 
elapsing  from  the  moment  the  prostomium  of  the  worm  enters  the 
solution  until  it  is  withdrawn)  was  recorded  by  a  stop  watch.  The 
efficiency  of  different  members  of  the  alcohols  in  the  series  was  found  by 
determining  what  concentrations  bring  about  approximately  the  same 
reaction  time.  Fine  distinctions  are  not  possible,  because  the  varia- 
tion in  the  reaction  time  at  one  concentration  is  too  great;  even  when 
one  hundred  readings  are  made,  it  is  difficult  to  determine  reaction  time 
with  greater  accuracy  than  that  obtained  in  these  experiments. 

Methyl  alcohol,  ethyl  alcohol,  n.  butyl  alcohol,  n.  amyl  alcohol,  iso- 
amyl  alcohol  and  tertiary  amyl  alcohol  were  used.  As  shown  in  figure  1, 
curves  M  and  E,  and  figure  2,  curves  J,  B,  T  and  A,  the  efficiency  of 
alcohols  at  the  given  concentrations  is  as  follows:  methyl  <  ethyl  < 
tertiary  amyl  <  n.butyl,<  iso-amyl  <  n.amyL 

The  same  order  is  obtained  when  the  criterion  of  the  efficiency  of  the 
alcohol  is  its  ability  to  bring  about  cessation  of  muscular  activity,  as 
shown  in  table  1. 

The  above  experiments  suggest  that  the  nature  of  the  action  of 
alcohols  on  the  sensory  mechanism  may  be  similar  whether  it  results  in 
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Fig.  1.  Efficiency  of  methyl  alcohol  (curve  M)  and  ethyl  alcohol  (curve  E)  as 
stimuli  for  wortns.  The  reaction  times  in  seconds  are  plotted  as  ordlnates,  and 
the  molar  concentrations  as  abscissae. 


Fig.  2.  Efficiency  of  normal  butyl  alcohol  (curve  B),  normal  amyl  alcohol 
(curve  A),  iso-amyl  alcohol  (curve  7)  and  tertiary  amyl  alcohol  (curve  T)  as 
stimuli  for  worms.  The  reaction  times  in  seconds  are  plotted  as  the  ordinates, 
and  the  molar  concentrations  as  abscissae. 
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stimulation  or  narcosis  (3).  If  a  certain  amount  of  alcohol  combines 
with  a  constituent  of  the  protoplasm  to  produce  stimulation,  the  com- 
bination of  a  larger  amount  may  produce  narcosis. 

One  reason  why  the  concentration  below  which  there  is  no  narcosis 
is  higher  than  that  for  stimulation  is  because  the  sensitivity  of  the  worm 
decreases  progressively  from  the  anterior  to  the  posterior  portion. 
Therefore  it  requires  a  higher  concentration  of  the  alcohol  to  bring 
about  an  effect  on  the  total  body  of  the  worm,  than  in  the  case  of  the 
prostomium,  which  is  the  most  sensitive  portion. 

Some  investigators  are  inclined  to  attribute  the  relative  efficiency  of 
these  alcohols  to  their  lipoid  solubility  (4)  or  to  their  surface  tension 
relations  (5).    It  may  be  of  interest  to  suggest  some  other  possibilities. 

TABLE  1 

Anesthetic  action  of  alcohols  on  worms.    Limiting  concentrations  belov)  which  there 
is  no  anesthesia  in  one  hour  at  BS^, 


Methyl 

Ethyl 

N.  butyl 

N.  amyl 

Iso^myl 

Tertiary  amyL. 


OONCBMTBATICnf 


2.00M 
LOOM 
0.06  M 
0.02  M 
0.03  M 
0.08  M 


One  way  of  regarding  the  question  is  from  a  stereo-chemical  stand- 
point (6).  How  far  can  the  action  of  such  a  series  of  alcohols  be  inters 
preted  as  due  to  the  stereo-chemical  structure? 

The  decrease  of  reactivity  might  be  interpreted  as  due  to  a  steric 
hindrance,  brought  about  by  the  arrangement  of  the  carbon  atoms  in 
the  molecule. 

This  idea  of  steric  hindrance  has  been  disputed  by  Michael  (7),  who 
beUeves  that  the  reactivity  of  alcohol  is  independent  of  stereo-chemical 
structure,  and  may  be  more  profitably  interpreted  from  the  point  of 
view  of  the  amount  of  chemical  energy  present. 

In  esterification  of  these  alcohols,  the  rate  of  reaction  decreases  from 
amyl  alcohol  to  methyl  alcohol  progressively;  this  is  exactly  the  opposite 
of  the  order  of  efficiency  obtained  in  the  experiments  described  above. 
But  when  any  one  alcohol  and  its  isomeres  are  considered,  it  is  evident 
that  the  effect  on  stimulation  agrees  with  the  rate  of  esterification,  in 
that  the  branching  of  the  chain  decreases  the  reactivity.    Tertiary 
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amyl  alcohol  is  less  reactive  than  iso-amyl  alcohol,  which  is  again  leas 
reactive  than  the  normal  amyl  alcohol.  Whether  the  chemical  effect  of 
the  alcohol  is  masked  by  a  physical  effect  (such  as  solubility  or  surface 
tension  relations)  in  the  case  of  the  normal  alcohols,  can  not  be  decided 
at  present. 

It  may  also  be  suggested  that  the  solubility  of  the  alcohols  in  water 
may  be  of  importance.  With  the  branching  of  the  chain,  solubilily  of 
the  alcohol  in  water  decreases.  With  increase  in  the  number  of  carbon 
atoms  the  solubility  in  water  tends  to  decrease.^ 

Solubility  in  water  might  conceivably  interfere  with  stimulation  in  a 
number  of  ways,  but  in  view  of  the  present  state  of  our  knowledge  of 
this  subject  it  does  not  seem  profitable  to  enter  into  a  detailed  discuft* 
sion  of  these  possibilities. 

BT71CMABT 

The  effects  of  a  series  of  monohydric  alcohols  on  the  sensory 
mechanism  of  Attoiabaphora  fceUda  are  compared.  The  branching  of 
the  chain  decreases  the  eflldency. 
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1  Data  regarding  the  solubilities  of  the  higher  alcohols  in  water  are  for  the  most 
part  very  uniatisfaotory.  N.an]yl  is  less  soluble  than*n.  butyl,  which  is,  in  tunip 
less  soluble  than  ethyl  and  methyl. 
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In  our  previous  papers  we  have  presented  the  changes  that  occur  in 
the  human  during  extreme  anoxemia  with  especial  reference  to  cardiac 
physiology.  In  our  rebreather  method  the  carbon  dioxide  is  absorbed 
by  shell  caustic  potash,  hence  there  is  no  increase  in  carbon  dioxide  of  the 
inclosed  air  during  the  augmentation  of  respiratory  volume.  In  fact 
there  may  be  a  decrease  in  carbon  dioxide  due  to  the  over-ventilation  of 
the  lungs  with  the  consequent  lowering  of  carbon  dioxide  tension  in  the 
body.  Therefore,  the  gradual  reduction  of  oxygen  in  the  air  breathed, 
hence  in  the  lungs  and  body  tissues,  may  be  considered  as  the  primary 
cause  of  the  physiological  changes  observed.  The  condition  is  a  true 
anoxemia.  We  have  already  reviewed  at  some  length  the  literature  of 
this  subject  especially  that  developed  in  connection  with  the  work  of  the 
Medical  Research  Laboratory  of  the  Air  Service  (1)  where  we  first 
began  the  investigation  of  this  problem  on  man. 

In  preceding  papers  of  this  series  (2)  we  described  the  late  cardiac 
effects  of  anoxemia  when  the  condition  is  pushed  beyond  the  ordinary 
limits  of  the  technical  air  service  examination.  What  we  have  described 
as  the  post-crisis  stage  includes  the  changes  observed  in  the  circulatory 
qrstem  and  especially  in  the  heart  after  imconsciousness  has  occurred. 
These  changes  in  the  heart-of  man  are  summarized  as  follows: 

^  A  grant  in  aid  of  this  research  was  made  from  the  Patton  Research  Fund  of 
the  Northwestern  University  for  which  appreciation  is  expressed. 

We  abo  express  our  obligations  to  Prof.  Frank  G.  Becht  for4;he  many  courtesies 
extended  by  the  Department  of  Physiology,  of  the  Northwestern  University 
School  of  Medicine,  and  for  generous  personal  assistance. 
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1.  Progressive  suppression  of  the  S-A  rhythm  in  the  descending  direc- 
tion to  the  vanishing  point. 

2.  Establishment  and  persistence  of  the  A-V  rhythm  with  its  charac- 
teristic slow  and  regular  rate. 

3.  Decrease  in  conduction  in  the  intemodal  region  to  the  point  of 
suppression. 

4.  Reversed  rh3rthm  and  reversed  intemodal  conduction. 

5.  Auricular  pause  after  reversed  conduction  disappears. 

6.  These  changes  obey  the  laws  of  cardiac  nervous  control  of  rhythm 
and  conduction,  as  outlined  by  Eyster  and  Meek. 

7.  Rapid  recovery  from  all  these  disturbances  (i.e.,  within  a  few 
seconds)  when  the  man  is  allowed  to  breathe  fresh  air. 

Most  of  these  phenomena  had  been  described  in  laboratory  animals 
under  the  condition  of  systemic  asphyxiation,  but  not  in  man.  Eyster 
and  Meek  (3)  especially  have  advocated  the  view  that  the  phenomena 
are  primarily  due  to  vagospasm.  Others,  especially  those  working 
in  Lewis'  laboratory,  have  emphasized  the  fact  that  the  asphyxial  stress 
on  the  heart  also  acts  directly  on  cardiac  tissue.  In  all  the  earlier 
experiments  on  animals  two  factors  are  involved,  oxygen  want  and 
carbon  dioxide  excess.  Mathison  (4)  alone  has  tried  to  separate  these 
factors  by  allowing  his  animals  to  breathe  pure  nitrogen,  thus  getting 
rid  of  the  carbon  dioxide  by  excessive  ventilation.  He  concludes  that 
''want  of  oxygen  ....  alone  is  responsible  for  the  production  of 
block."  He  says  also:  ''the  heart  block  is  imdoubtedly  due  to  the 
effect  of  want  of  oxygen  on  the  cardiac  tissues."  Mathison  describes 
stimulation  of  the  cardio-inhibitory  center,  especially  after  chloroform, 
but  he  closes  his  article  with  the  sentence:  "Heart-block  appears  to  be 
a  regular  occurrence  during  asphyxia  in  dogs  in  which  the  vagi  are  cut. 
When  the  vagi  are  intact,  p^ermanent  cardiac  inhibition  frequently  comes 
on  before  heart-block  can  appear." 

These  quotations  summarize  the  most  direct  evidence  bearing  on  our 
problem  that  we  have  been  able  to  find.  There  is  nothing  in  the 
literature  that  deals  directly  with  man  which  furnishes  an  experimental 
basis  for  analyzing  the  mechanism  involved  in  the  observations  which 
we  have  reported. 

Lutz  and  Schneider  (5)  studied  the  responses  of  men  breathing  pure 
nitrogen  from  a  Larsen  spirometer  supplied  from  a  gas  bag  and  exhaling 
into  outside  air.  By  this  method  they  produced  acute  anoxemia  in  a 
few  seconds.  They  obtained  cardiac  acceleration  in  from  5  to  55 
seconds,  "within  15  seconds  in  sixty  per  cent  of  the  cases."     While  they 
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obtained  unconsciousness  in  certain  tests  they  record  no  heart  rates  at 
this  stage,  in  fact,  resupplied  air  and  studied  the  return  phenomena 
before  the  extreme  anoxemia  with  which  we  are  concerned  had  appeared. 
For  the  purposes  of  our  experiments  such  methods  are  too  acute  and  do 
not  allow  full  adjustment  of  the  tissues  to  the  external  conditions. 
The  same  questions  hold  with  this  work  as  with  that  of  Mathison  on 
dogs. 

We  have  not  tried  extreme  anoxemia  during  atropinization,  in  fact  we 
have  had  some  hesitation  in  using  this,  the  only  method  available  for 
answering  the  question  whether  anoxemia  in  man  produces  the  observed 
cardiac  changes  by  direct  action  on  the  heart  and  its  intrinsic  mechani- 
isms,  or  by  changes  in  the  extrinsic  nervous  apparatus,  i.e.,  primarily 
by  vagospasm.  We  have  interpreted  our  human  results  as  due  to  the 
latter  phenomenon.  But  we  have  not  deemed  it  advisable  to  perform 
the  crucial  tests  on  man  without  further  experimental  data  from  lower 
animals. 

In  the  present  paper  dogs  are  used  as  experimental  materials.  A 
further  attempt  is  made  to  determine  observational  facts  on  which  to 
base  an  answer  to  the  questions  stated  above. 

Method.  Dogs  have  been  used  exclusively  during  this  series  of 
experiments.  Anoxemia  has  been  induced  after  chloretone  anesthesia 
either  alone  or  combined  with  ether.  We  have  used  the  rebreather 
method,  constructing  an  apparatus  of  small  size  suited  to  animals  of 
about  7  to  10  kilos  body  weight.  Changes  in  the  general  blood  pressure 
have  been  measured  by  a  mercury  manometer,  taking  the  pressure 
from  the  carotid  artery.  Respiratory  rate  was  recorded  by  the  move- 
ments of  the  spirometer,  which  also  recorded,  though  with  a  low  per- 
centage of  accuracy,  the  relative  tidal  volume.  This  apparatus  records 
the  progressive  changes  in  volume  of  the  inclosed  air,  thus  giving  a 
measure  of  the  variations  in  rate  and  amount  of  oxygen  consumed. 

Electrocardiograms  were  taken  at  intervals  of  about  4  minutes  begin- 
ning with  the  normal.  A  continuous  electrocardiogram  was  taken  from 
a  late  moment  in  the  pre-crisis  stage  through  the  entire  post-crisis 
stage  and  till  the  ending  of  the  experiment  by  death  of  the  animal,  or  by 
recovery  following  artificial  respiration. 

An  analysis  of  the  enclosed  air  in  the  rebreather  chamber  was  made 
at  the  close  of  the  experiment.  The  Haldane  apparatus  and  method 
were  used.  The  sample  of  air  analyzed  was  taken  from  the  inhalent 
tube,  in  the  attempt  to  measure  the  composition  of  the  air  used  by  the 
animal  at  the  last  inhalation  before  respiratory  failure.    This  doubtless 
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gives  a  somewhat  higher  figure  than  the  average  gas  content  of  the  entire 
rebreather  apparatus.  It  is  recognized  that  the  alveolar  air  oxygen 
tension  is  slightly  lower  than  that  found  by  analysis  of  the  air  from  the 
intake  tube. 

Chloretone  anesthesia  was  used  to  render  the  animal  immobile. 
Three-tenths  of  a  gram  of  chloretone  in  oil  per  kilo  of  body  weight  was 
injected  into  the  abdominal  cavity.  Animals  vary  slightly  in  their 
sensitiveness  to  chloretone.  Occasionally  a  second  small  injection  was 
required  to  produce  sufficiently  deep  anesthesia.  The  0.3  gram-per- 
kilo  dose,  however,  produces  complete  unconsciousness  in  about  10 
minutes.  Chloretone  in  excessive  doses  somewhat  depresses  the 
medullaiy  centers,  but  the  reactions  of  the  animal  to  anoxemia  are 
qualitatively  normal.  We  have  used  ether  anesthesia,  also  chloretone- 
ether,  but  we  are  confident  that  the  use  of  chloretone  alone  is  without 
error. 

EXPERIMENTAL  DATA 

Progressive  anoxemia  has  been  used  on  twenty-one  animals,  a  total 
of  forty-one  expermental  tests,  to  determine  the  course  of  physiological 
events.  After  anoxemia  is  pushed  to  the  stage  of  suppression  of  the 
respiratory  movements  there  still  remains  a  considerable  interval  during 
which  artificial  respiration  quickly  revives  the  animal.  Revival 
permits  several  tests  on  the  same  dog.  Since  our  primary  purpose  has 
been  to  determine  the  mechanism  of  the  effects  of  anoxemia  expressed 
by  changes  in  the  heart,  we  have  made  the  tests  in  four  groups:  1,  with 
the  vagi  intact;  S,  with  both  vagi  cut;  5,  after  atropine;  and  4f  with  the 
vagi  cut  at  the  moment  when  advanced  responses  are  in  progress  in 
the  heart. 

Anoxemia  vdth  the  vagi  intact.  The  dog  under  chloretone  and  with 
intact  vagi  gives  a  cycle  of  changes  in  response  to  progressive  anoxemia 
that  is  characteristic  and  qualitatively  constant.  In  all  essential 
respects  the  physiological  changes  observed  are  very  similar  to  those 
observed  in  man  up  to  the  stage  when,  in  man,  the  tests  are  terminated. 
In  the  experiments  recorded  here  the  tests  were  carried  to  a  much  greater 
extreme.  The  changes  observed  in  16  experiments  on  intact  animals 
which  we  stress  are  first,  in  the  respiratory  rate  and  tidal  voliune; 
second,  the  rate  of  oxygen  consiunption;  third,  the  blood  pressure; 
fourth,  the  heart  rate  and  sequence. 

The  respiratory  rate  and  tidal  volume.  The  changes  in  respiratory 
rate  and  voliune  during  general  asphyxia  in  man  and  animals  have  been 
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presented  in  an  extensive  literature.  The  more  recent  papers  that 
present  aspects  of  anoxemial  asphyxia  are  those  from  the  experiments 
of  Hough  (6),  Mathison  (4),  Gasser  and  Loevenhart  (7),  the  reports  of 
Lutz,  Gregg  and  Schneider  (8),  Ellis  (9),  Greene,  (10)  from  the  Air 
Service  data,  and  Hazard  (11).  The  literature  is  more  fully  reviewed 
in  these  latter  papers. 

The  experimental  data  concerning  the  respiratory  responses  of  the 
dog  to  progressively  induced  low  oxygen  are  in  manuscript  in  a  paper 
by  the  senior  author  (12),  but  we  abstract  by  permission  from  the 
sunamary  of  that  paper: 

Ohloretcmized  dogs  during  the  rebreatiier  test  show  the  following  panoramic 
changes  in  respiratory  rate  and  amplitude.  The  sequence  is  more  sure  when  the 
cycle  is  completed  in  from  15  to  18  minutes. 

1.  There  is  little  change  in  either  the  rate  or  amplitude  of  respirations  in  the 
early  part  of  the  anoxemial  test,  i.e.,  in  the  first  50  to  60  per  cent  of  the  duration 
of  the  test. 

2.  The  amplitude  and  tidal  volume  steadily  increase  during  the  last  half  of  the 
test  and  until  the  respiratory  crisis  is  reached. 

3.  The  respiratory  rate  also  increases  but  becomes  more  and  more  irregular 
as  the  crisis  is  approached. 

4.  The  rate  and  amplitude  both  rapidly  decrease  diuring  the  post-crisis  until 
within  a  few  seccmds  all  movement  ceases. 

5.  The  rate  of  oxygen  consumption  was  remarkably  uniform,  to  the  approach 
of  the  crisis  when  it  progressively  decreased  until  all  respirations  ceased. 

The  dog  endures  a  surprisingly  low  oxygen,  as  a  glance  at  our  tables 
will  show.  The  average  of  all  the  acceptable  tests  is  3.26  per  cent.  The 
extremes  vary  from  4.9  to  1.6  per  cent.  The  highest  content  of  oxygen 
of  air  that  supported  respiratory  movements  in  the  dog  is  well  below 
the  limits  that  produce  respiratory  stress  and  failure  in  the  few  extreme 
cases  we  obtained  with  men.  Only  one  man  of  our  series,  Lt.  S.  A.  (13), 
certainly  reached  the  limit  of  respiratory  pause.  His  residual  oxygen  in 
the  rebreather  was  7.1  per  cent.  Others,  in  light  of  our  more  recent 
experiments  on  dogs,  were  imdoubtedly  just  short  of  the  point  of 
respiratory  failure  when  removed  from  the  test.  The  evidence  is 
found  in  the  cardiographic  records. 

The  rate  of  oxygen  consmnption,  which  of  course  varies  with  the  size 
of  the  animal  according  to  the  surface  area,,  is  very  uniform  up  to  the 
moment  of  the  onset  of  the  respiratory  crisis.  From  this  point  imtil 
the  respirations  cease  the  rate  of  oxygen  consimaption  progressively 
diminishes  (see  exper.  38  and  41,  figs.  24  and  34).  Following  the  last 
respiration  the  base  line  usually  falls  somewhat  in  the  record  (see  exper. 
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38,  fig.  23).  The  explanation  is  that  when  the  dog  stops  breathing  the 
muscles  relax  and  the  chest  volume  decreases,  forcing  some  of  its 
alveolar  air  into  the  rebreather  apparatus.  When  the  respirations 
cease  the  tracheal  tube  is  clamped  off  from  the  rebreather  and  the 
rebreather  air  then  analyzed.  The  analyses  therefore  represent  the 
percentage  of  oxygen  in  inspired  air  that  just  fails  of  maintaining 
respirations. 

Effects  of  anoxemia  on  blood  pressure  and  on  the  heart  rate.  Both  the 
blood  pressiure  and  the  heart  rate  respond  typically  and  with  fair  con- 
stancy to  anoxemia.  The  rebreather  method  with  the  taking  up  of 
carbon  dioxide  by  the  potash  cartrige  absorption  induces  anoxemia  so 
gradually  and  evenly  that  the  conditions  can  be  repeated  with  great 
accuracy.  The  experimental  cycle  of  changes  constantly  recur  with 
only  very  minor  variations. 

Blood  pressure  changes  in  the  intact  animal.  Blood  pressure  remains 
remarkably  constant  for  the  first  half  or  two-thirds  of  a  rebreather  test 
on  the  dog.  This  is  shown  very  well  in  experiment  38  with  the  vagi 
intact.  In  this  test  there  was  little  or  no  change  in  the  blood  pressiure 
for  the  first  10  minutes  of  a  16-minute  experiment.  Beginning  at  about 
10  minutes,  the  blood  pressiure  very  slowly  increased  through  2  or  more 
minutes,  then  more  and  more  rapidly  until  the  maximum  was  reached 
at  the  time  of  the  vascular  crisis.  This  crisis  coincided  very  nearly 
with  the  respiratory  crisis. 

Sometimes  the  maximal  blood  pressure  lags  a  few  seconds  after  the 
respiratory  failure.  The  absolute  rise  in  blood  pressure  varies  in  different 
experiments.  It  may  amount  to  as  much  as  40  or  50  per  cent  of  the 
initial  pressure  (see  exper.  41).  Occasionally  the  rise  in  pressure  is 
only  slight.  In  all  cases  it  ocdUrs  at  the  extreme  stage  of  anoxemia. 
The  rise  in  blood  pressure  is  accompanied  by  an  increase  in  pulse 
pressure.  This  change  is  never  so  great  in  the  dog  but  that  the 
diastoUc  phase,  or  minimal  pressure  is  as  great  or  greater  than  the 
normal.  In  man  the  diastolic  pressure  seldom  increases  to  any  ap- 
preciable degree  during  an  ofiicial  rebreather  test  but  it  always  falls 
rapidly  near  its  close  if  the  test  reaches  the  limit  of  compensation. 

Events  occur  very  rapidly  in  the  circulatory  post-crisis.  The 
saUent  events  are:  progressive  slowing  of  the  heart  and  gradual  lowering 
of  blood  pressure  early  in  the  collapse  followed  by  a  rapid  fall  in  both 
rate  and  pressure  later  (see  exper.  41). 

In  the  crisis  and  during  the  post-crisii^  stages  blood  pressure  undergoes 
greater  and  more  rapid  variations.    The  rule  is  that  the  pressure  very 
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gradually  falls  during  the  post-crisis  and  until  the  respirations  cease. 
The  heart  slows  down  during  this  phase  and  the  pulse  amplitudes  in- 
crease. Consequently  the  diastolic  pressiure  falls  rapidly  while  the 
systolic  pressure  is  maintained  or  may  even  rise.  The  maximal  systolic 
pressure  of  this  cycle  is  usually  not  reached  until  20  to  40  seconds  after 
respirations  cease.  The  pressure  events  just  described  are  followed  by 
progressive  and  rapid  decrease  of  both  systolic  and  diastolic  pressures 
with  decrease  in  pulse  rates  until  the  pulse  can  no  longer  be  distinguished 
and  the  pressure  remains  constant  at  about  15  to  20  nun.  Hg.  The 
length  of  time  required  for  the  entire  post-crisis  cycle  is  from  3  to  5  or 
more  minutes  after  respirations  cease. 

Simple  artificial  respiration  or  insuiBation  suffices  quickly  to  resusci- 
tate an  animal  during  the  time  when  the  pulse  is  still  distinguishable  on 
the  manometric  record.  Later  than  this  additional  measures  must  be 
employed.  Recovery  of  both  heart  rate  and  blood  pressiure  when  they 
occur  are  prompt,  i.e.,  within  10  or  15  seconds. 

The  comparison  between  our  results  and  those  obtained  by  the 
methods  of  rapid  deprivation  of  oxygen  as  practised  by  Mathison  (4) 
and  by  Lutz  and  Schneider  (5)  is  rendered  difficult  because  in  such 
experiments  the  results  are  brought  on  by  inmiediate  and  rapid  as- 
phyxiation, i.e.,  within  a  few  seconds.  Mathison  produced  asphyxia- 
tion in  his  animals  by  stopping  artificial  respiration,  and  by  using 
nitrogen  gas  with  or  without  a  minimal  amount  of  oxygen,  1  to  2  per 
cent.  In  either  case  the  transition  from  normal  air  to  the  asphyxial 
condition  is  sharp  and  abrupt.  Schneider  and  Lutz  had  men  rebreathe 
nitrogen  gas  into  a  small  bag.  Our  ammals  are  allowed  10  to  18 
minutes  to  gradually  exhaust  the  oxygen  from  the  air  they  rebreathe. 
There  is  adequate  time  for  slow  and  gradual  adaptation. 

When  natural  respirations  stop  it  can  be  assumed  that  the  tissues  are 
abeady  deprived  of  their  free  oxygen.  The  low  oxygen  content  of  the 
last  iiihaled  air  is  the  basis  of  this  deduction.  In  anoxemia  there  is 
not  such  an  abrupt  and  violent  response  in  blood  pressiure  as  was 
obtained  by  Mathison.  On  the  other  hand,  the  rise  in  blood  pressure  is 
very  gradual,  generally  uniform,  and  passes  away  with  the  same  pro- 
gressive type  of  readjustment. 

Blood  pressure  changes  when  the  vagi  are  cut.  If  anoxemia  is  induced 
after  botib  vagi  have  been  cut  the  blood  pressure  runs  a  course  qualita- 
tively very  like  that  in  the  intact  animal.  The  variations  are  chiefly 
those  conditioned  by  changes  in  heart  rate  and  pulse  pressure.  The 
detailed  picture  is  as  follows : 
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The  average  blood  pressure  does  not  vary  during  the  early  part  of  the 
test  as  much  as  in  the  intact  animal.  But  as  stress  from  oxygen-want 
becomes  more  acute  the  blood  pressure  rises  as  in  the  normal  animal. 
The  rise  progressively  increases  to  a  maximum  at  the  anoxemial  crisis. 
Very  little  difference  exists  in  either  the  rate  or  time  of  development  of 
the  crisis.    The  type  change  is  shown  in  the  last  part  of  figvire  34. 

After  respirations  cease,  sometimes  a  little  earlier,  the  blood  pressure 
slowly  declines  through  40  to  60  seconds.  It  then  may  show  a  slight 
increase,  but  finally  falls  rapidly  through  2  or  3  minutes,  then  more 
slowly  for  1  or  2  minutes  more  until  the  positive  pressure  of  15  to  20  mm. 
Hg.  is  reached. 

If  both  vagi  are  cut  the  anoxemial  curve  of  the  dog  never  shows  the 
enormous  variations  of  pulse  pressure  during  the  early  post-crisis  stages. 
The  response  is  in  sharp  contrast  with  the  responses  when  these  nerves 
are  intact.  We  have  never  obtained  confirmation  of  the  lowered  but 
sustained  blood  pressure  associated  with  the  slow  heart  rate,  large 
pulse  ampUtude  and  heart  block  as  given  for  the  cat  with  the  vagi  cut 
in  Mathison's  experiments  (see  his  fig.  6)  (4).  In  dogs  with  vagi  cut  the 
final  stages  of  anoxemial  heart  block  have  never  appeared  imtil  the 
pressure  approached  equilibrium  and  the  heart  beats  were  no  longer 
recorded  by  the  manometer. 

Changes  in  the  heart  rate  in  the  intact  animal.  The  heart  rate  is  very 
uniform  during  the  first  50  to  60  per  cent  of  the  anoxemial  test.  Unless 
stimuli  from  the  outside  occur,  this  regularity  is  uninterrupted.  Sooner 
or  later,  varying  somewhat  with  the  animal,  the  heart  rate  slowly  and 
gradually  augments.  This  ii^crease  continues  along  with  the  increase  in 
blood  pressure  previously  described.  Whether  the  increase  in  rate  is  the 
chief  factor  producing  the  rising  pressure  has  not  been  determined  in 
this  investigation  but  Mathison  speaks  of  vasomotor  stimuli  in  the 
spinal  animal.  In  an  experiment  nmning  15  minutes  the  increase  in 
rate  will  be  very  apparent  by  the  10th  or  11th  minute.  It  will  pro- 
gressively augment  to  a  maximum  at  13  or  14  minutes.  The  maximum 
rate  is  associated  with  or  slightly  precedes  the  maximum  blood  pressure. 
This  group  of  responses  of  maximal  heart  rate,  crest  of  blood  pressure 
and  slowing  and  stopping  of  respirations  is  the  complex  for  which  we  use 
the  term  crisis. 

After  the  rise  of  blood  pressure  passes  its  crest'  and  while  the  respira- 
tions are  beginning  to  slow  and  oxygen  consumption  is  obviously  de- 
creasing, the  heart  rate  also  begins  to  slow.  The  decrease  in  heart 
rate  is  very  gradual  at  first  but  rapidly  becomes  increasingly  slower 
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until  the  maximum  rate  is  cut  to  a  half  or  a  third.  In  experiment  41  the 
slowing  was  from  161  to  44  beats  per  minute  in  70  seconds. 

If  an  animal  with  intact  vagi  is  allowed  to  continue  in  the  anoxemial 
state  then  the  heart  rate  remains  slow  after  the  blood  pressure  falls, 
often  stops  for  a  few  seconds  at  a  time,  and  ultimately  ceases  altogether. 
The  electrocardiographic  record  shows  that  beats  continue  many  seconds 
after  the  manometer  fails  to  record  pressure  changes.  It  takes  an 
average  of  3  or  more  minutes  to  run  this  cycle  of  changes  after  respira- 
tions cease. 

Changes  in  the  heart  rate  when  the  vagi  are  cut  at  the  beginning  of  the 
test  If  the  vagus  nerves  are  cut  before  beginning  the  experiment, 
the  heart  rate  is  of  course  at  a  higher  level.  However,  for  the  first  50  or 
60  per  cent  of  the  duration  of  the  experiment  there  is  no  other  change  in 
the  character  of  the  rate. 

During  the  last  third  of  the  experiment,  passing  through  the  crisis  as 
indicated  by  the  maximal  blood  pressure  and  stopping  of  respirations, 
the  heart  rate  augments  in  the  pre-crisis  period  and  continues  at  a 
rapid  rate  during  the  post-crisis.  There  is  no  early  cardiac  slowing  to 
the  extremely  low  rate  observed  when  the  vagus  nerves  are  intact. 
The  rate  remains  uniform  and  high  for  from  1^  to  2  minutes  after 
respirations  stop  and  until  the  blood  pressure  is  falling  rapidly.  By 
the  moment  the  blood  pressure  has  declined  to  one-half  its  earlier  maxi- 
mal the  heart  rate  has  become  very  evenly  and  gradually  slower.  It 
beats  more  and  more  feebly  until  it  stops  or  until  irregularities  develop. 
When  the  heart  is  beating  too  feebly  to  produce  any  visible  movement 
of  the  meniscus  of  the  manometer  the  electrocardiograms  show  it  to  be 
still  contracting  in  a  normal  sequential  rhythm.  It  keeps  this  up  for 
many  seconds  but  ultimately  block  or  independent  amicular  or  ventri- 
cular beats  are  established  and  death  follows. 

The  early  cardiac  slowing  observed  in  dogs  with  intact  vagi  does  not 
occur  in  our  animals  with  vagi  cut.  Neither  is  there  any  evidence  of 
change  in  conductivity,  or  block  in  the  early  phase  of  the  post-crisis 
period.  These  come  only  3  to  5  minutes  later  and  are  only  revealed 
by  the  electrocardiograms. 

Changes  in  the  heart  rate  and  blood  pressure  as  influenced  by  cutting 
the  vagi  at  the  maximum  slowing  of  the  early  post-crisis  period  of  the  intact 
animal.  The  discussion  of  the  preceding  topics  clearly  indicates  that 
there  are  two  critical  times  as  revealed  by  the  changes  in  heart  rate 
during  the  post-crisis  period.  The  first  is  at  the  time  of  cardiac  slowing 
in  the  normal  intact  animal  at  or  near  the  moment  when  respirations 
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stop.  The  second  is  the  cardiac  slowing  that  comes  3  to  5  minutes 
later  in  an  animal  in  which  the  vagi  are  cut  at  the  beginning  of  the 
experiment. 

If  at  the  moment  of  maximum  slowing  of  this  early  period  the  vagi 
are  cut  then  the  whole  situation  is  rapidly  altered.  The  facts  are 
revealed  by  close  comparison  of  typical  experiments,  i.e.,  Nos.  38,  40  and 
41.  In  these  experiments  we  secured  complete  respiratory,  circulatory 
and,  in  40  and  41,  electrocardiographic  records  without  interruption 
through  the  entire  post-crisis  period.  The  vagi  were  cut  in  succession 
when  the  heart  rates  had  dropped  to  between  40  and  50  per  minute. 

In  experiment  38  the  rise  of  blood  pressure  at  the  crisis  was  moderate 
but  the  heart  slowing  came  on  rapidly,  the  rate  dropping  from  176  at 
the  crisis  to  76  and  then  to  48  per  minute.  The  right  vagus  was  cut 
first,  at  15  minutes  from  the  beginning  of  the  test  and  45  seconds  after 
respirations  stopped.  There  was  a  sudden  but  momentary  rise  in  blood 
pressure  and  an  increase  to  a  heart  rate  of  88,  figure  23. 

The  left  vagus  was  cut  40  seconds  after  the  right.  The  heart  rate 
immediately  increased  to  172,  then  216.  The  original  maximal  rate 
was  174.  The  blood  pressure  at  once  rose  to  the  maximal  systolic 
pressure  during  the  preceding  period  of  slow  heart  beats,  then  as 
rapidly  fell  through  10  seconds,  and  more  slowly  through  the  next  40 
seconds.  Artificial  respiration  was  then  established  and  the  animal 
promptly  recovered. 

Cutting  the  right  vagus  led  to  an  increase  of  rate  from  48  to  88.  The 
high  pulse  pressure  however  continued.  Cutting  the  second  or  left 
vagus  released  the  heart  at  once  to  its  maximum  rate  at  the  crisis. 
One  can  not  escape  the  deduction  that  the  extreme  post-crisis  slowing 
was  a  vagus  phenomenon,  i.e.,  vagal  spasm,  from  which  the  heart  was 
immediately  released  when  the  vagus  nerves  were  cut. 

Experiment  41  was  also  used  to  test  the  effect  of  cutting  the  vagus 
nerve  during  the  early  slowing  in  the  post-crisis  period.  The  maximal 
blood  pressure  was  high  in  this  experiment,  about  50  per  cent  above 
the  pre-crisis  average.  The  heart  rate  slowed  during  the  interval  of 
45  seconds  between  the  maximum  blood  pressure  and  the  stopping  of 
respirations.  The  manometer  failed  to  record  a  few  beats  near  the 
moment  of  stopping  of  respirations  but  this  does  not  veil  the  fact  of  the 
rapid  and  progressive  cardiac  slowing  up  to  the  ijioriient  when  the  right 
vagus  was  cut  35  seconds  after  respirations  ceased. 

For  five  heart  beats  preceding  the  cutting  of  the  right  vagus  nerve 
the  rate  was  at  its  lowest,  35  per  minute.-    After  one  or  two  irregular 
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beats  at  the  moment  of  cutting  the  heart  remained  very  regular  and 
strong  at  the  rate  of  44  per  minuj^e.  This  was  adequate  to  maintain 
the  pressure  at  a  uniform  level  during  the  interval. 

The  left  vagus  was  then  cut  with  a  minimum  amount  of  manipula- 
tion. The  heart  rate  immediately  rose  from  44  to  180  per  minute. 
The  blood  pressure  was  momentarily  increased  but  followed  by  a  fall 
at  first  rapid,  then  more  slowly,  imtil  no  further  heart  beats  could  be 
shown  in  the  record  of  the  manometer.  The  rate  was  well  sustained 
imtil  the  pressure  became  low.  Then  the  rate,  too,  slowly  declined 
just  as  in  experiments  when  the  vagi  were  cut  at  the  beginning. 

A  continuous  electrocardiographic  record  was  misdntained  imtil  no 
heart  beats  were  visible  by  this  means.  The  details  obtained  by 
this  method  are  given  later.  No  effort  was  made  to  resuscitate  this 
animal. 

Summary  from  the  blood  pressure  records.  The  blood  pressure  records 
alone  seem  to  prove  that  there  are  two  post-crisis  periods  of  slowing  of 
the  heart  rate  in  anoxemia,  the  first  a  function  of  the  vagus  center, 
vagospasm,  and  the  second  a  direct  effect  of  oxygen-want  on  the  heart 
itself.  The  electrocardiograms  complete  the  evidence.  We  may 
therefore  smnmarize  the  observations  from  blood  pressure  records 
obtained  by  carrying  anoxemia  to  the  complete  limit  of  stopping  respi- 
rations and  heart  beats. 

1.  The  reactions  of  the  respiratory  center  of  the  medulla  become  at 
first  slow,  then  cease.  When  lack  of  oxygen  is  pushed  to  the  death 
there  is  a  phase  during  which  the  respiratory  center  does  not  receive 
enough  oxygen  to  maintain  its  normal  discharges.  Finally  it  ceases 
physiological  activity  from  true  anoxemia. 

2.  The  inhibitory  centers  controlling  heart  rate  do  not  fail  as  early 
as  the  respiratory  mechanisms.  This  is  indicated  by  the  appearance 
of  the  maximal  cardiac  slowing  after  the  respiratory  center  has  ceased. 

3.  The  cardiac  slowing  in  the  early  post-crisis  stage  is  not  due  to 
cardiac  failure,  i.e.,  muscle  and  bundle  failure,  since  it  does  not  occur  if 
both  vagus  nerves  are  previously  cut. 

4.  Direct  cardiac  anoxemia  is  not  adequate  to  suppress  heart  activity 
until  from  3  to  5  minutes  after  respiratory  failure. 

5.  The  extreme  slowing  occurring  after  respiratory  failure  is  promptly 
removed  only  after  cutting  both  vagi.  It  is  immaterial  which  nerve 
is  cut  first  in  so  far  as  the  gross  rates  are  concerned,  though  differences 
exist  in  the  behavior  of  the  heart  controlled  by  the  right  or  the  left 
vagus  only. 
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6.  The  extreme  slowing  is  due  to  vago-spasm  which  suppresses 
S-A  rhythm.  It  is  not  ordinarily  adequate  to  suppress  A-V  rhythm 
imtil  anoxemia  approaches  a  direct  fatal  effect.  This  slow  rate  there- 
fore is  an  A-V  rhythm  released  by  vagus  inhibition  of  S-A  rhythm 
imder  the  stress  of  anoxemia. 

7.  In  extreme  anoxemia  when  the  vagi  are  intact  inhibition  may 
suppress  the  A-V  rhythm.  But  when  it  occurs,  a  rhythmic  center 
develops  in  the  bimdle  branch,  as  in  experiment  26,  figured  in  plate  I, 
figures  4  and  5. 

8.  Considering  the  heart  itself,  it  is  proven  that  there  is  an  interval 
of  from  3  to  5  minutes  following  respiratory  failiu'e  during  which  cardiac 
beats  are  maintained.  The  rate  becomes  progressively  slower  and 
slower.  At  any  moment  during  this  interval  a  supply  of  fresh  oxygen  by 
artificial  respiration  is  adequate  promptly  to  recover  circulatory  and 
respiratory  efficiency  and  remove  the  vagal  inhibition. 

9.  What  we  have  proven  true  for  the  dog  checks  so  closely  with  our 
observations  on  man  in  the  early  stages  of  post-crisis  anoxemia  that  we 
can  not  but  believe  that  the  mechanism  of  the  reaction  is  the  same  in 
man  and  the  dog  in  the  final  stages  of  progressive  loss  of  respiratory 
and  circulatorj'^  function. 

10.  It  follows  that  in  man  asphyxiation  by  anoxemia  has  a  con- 
siderable margin  of  safety  provided  only  that  a  few  whiflfs  of  oxj'^gen 
can  be  introduced  into  the  limgs  within  the  3-to  5-minute  intervals 
during  which  the  heart  continues  to  beat  following  respiratory  collapwe. 
This  interval  is  critical  and  success  does  not  always  follow  artificial 
respirations  in  the  chloretonized  dog  when  no  other  aid  to  resuscitation 
is  used. 

EVIDENCE  FROM  THE  ELECTROCARDIOGRAMS 

The  electrocardiograms  presented  in  the  plates  are  all  taken  with 
II.  The  lead  was  from  the  right  shoulder  to  the  left  leg. 
ickel-plated  electrodes  were  inserted  through  a  slit  under  the 
I  stitched  into  place  for  the  early  tests,  but  later  nickel-plated 
posts  were  screwed  directly  into  the  head  of  the  right  hiunenis 
>  the  shaft  of  the  left  femur.  This  last  method  proved  very 
ory  and  most  convenient. 

lormal  dog  electrocardiograms  most  often  obtained  are  illus- 
1  either  of  the  three  normals  in  plate  II,  figure  8,  plate  IV 
I,  and  plate  V,  figure  35.  The  R  is  very  tall  and  the  T  negative 
it  diphasic  as  in  figure  35. 
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As  anoxemia  proceeds  the  most  typical  change  is  in  the  T  wave.  It 
becomes  positive,  then  increasingly  taller  imtil  at  times  the  T  is  as  tall 
as  the  original  R  (figs.  30  and  41).  The  maximum  T  is  usually  obtained 
at  and  following  that  stage  of  anoxemia  in  which  respirations  have  just 
ceased.  Figures  41  and  42  illustrate  the  change  in  the  amplitude  in  the 
R  which  decreases  and  the  S  and  T  which  both  augment  during  extreme 
anoxemia  following  sectioning  of  the  vagi  and  preceding  complete 
cardiac  anoxemial  asphyxiation.  This  cyclic  increase  of  the  T  rimning 
through  the  post-crisis  was  obtained  over  and  over  again.  It  apparent- 
ly does  not  depend  upon  change  in  the  position  of  the  heart.  The 
early  experiments  were  performed  with  the  animal  lying  on  its  back. 
But  later  the  animal  was  turned  to  a  45°  angle  toward  its  left  side.  In 
this  position  the  filled  ventricle,  would  tend  to  fall  toward  the  left  at  all 
stages  of  the  test. 

The  changes  in  the  duration  of  the  different  phases  of  the  electro- 
cardiograms in  the  main  coincide  with  those  already  described  for  man 
(1).  With  acceleratiqn  up  to  the  crisis  there  is  a  perceptible  shortening 
of  both  P-R  and  R-T  intervals. 

Postrcrisis  changes  in  the  electrocardiograms  when  tke  vagi  are  intact. 
At  the  onset  of  the  anoxemial  crisis  the  blood  pressure  passes  its  crest 
and  the  heart  rate  becomes  gradually  slower;  plate  II,  figures  9  and  10, 
plate  IV,  figure  27,  and  plate  V,  figure  38,  all  show  this  early  slowing. 
This  stage  occurs  at  or  preceding  the  moment  of  the  stopping  of  respira- 
tions. Progressive  slowing  continues  until  the  rate  drops  to  one-half  or 
one-third  the  normal.  During  the  slowing  the  T  wave  greatly  increases 
without  other  profound  change. 

Often  the  rate  suddenly  shifts,  as  in  plate  V,  figure  39,  to  a  lower 
level  during  which  profoimd  change  in  the  type  of  electrocardiogram 
occurs.  In  experiment  41  the  change  came  at  the  sixth  complex  of 
figure  39.  The  five  preceding  complexes  show  progressively  longer 
P-R  intervals,  showing  delayed  conduction,  at  the  sixth  and  two 
succeeding  complexes  S-A  rhythm  disappears  and  A-V  rhythm  becomes 
established.  In  the  sixth  complex  the  P  wave  is  superimposed  on  the 
positive  limb  of  the  T.  In  the  seventh  it  succeeds  the  T.  In  both 
cases  the  intemodal  conduction  is  reversed,  i.e.,  proceeds  from  the  A-V 
node  toward  the  auricle.  However,  conduction  is  sharply  delayed  in 
the  seventh  complex. 

The  same  phenomenon  is  shown  in  figure  11,  plate  II.  The  shift 
to  A-V  rhythm  occurred  in  the  second  complex  and  those  succeeding  as 
described  in  the  protocol  of  this  experiment,  no.  29.    In  plate  I,  figure 
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2,  A-V  rhythm  was  established  in  the  third  complex  and  continued  with 
reversed  conduction  through  a  series  of  29  beats,  the  last  of  which  is 
shown  in  figure  3  of  this  plate. 

In  plate  III,  figure  19,  a  type  of  anoxemial  influence  is  shown,  un- 
doubtedly of  vagus  origin,  namely,  a  primary  influence  on  the  conducting 
bundle.  A  2-1  block  appeared  for  four  groups  with  a  progressive 
decrease  in  the  P-R  interval,  signifying  a  simultaneous  displacement 
of  the  rhythmic  center  toward  the  tail  of  the  S-A  node.  In  short,  the 
vagus  here  produced  its  strongest  effect  on  conduction  but  it  also 
inhibited  rhythm  to  a  degree.  Later  in  the  course  of  the  anoxemia 
intemodal  conduction  was  occasionally  blocked  and  rhythm  of  both 
auricles  and  ventricles  was  enormously  slowed. 

The  type  of  vagus  action  which  drives  the  rhythmic  center  toward  the 
tail  of  the  S-A  node  is  best  shown  in  figure  28,  plate  IV.  This  figure 
illustrates  one  of  a  series  of  groups  of  such  variations  in  which  there  was 
a  periodic  return  of  the  normal  P-R  interval  (see  protocol,  exper.  40). 

The  most  extreme  type  of  inhibitory  displacement  of  rhythm  is 
illustrated  in  figures  3  and  4  of  plate  I.  After  49  consecutive  beats 
arising  in  the  A-V  node  the  rhythmic  focus  suddenly  shifts  to  a  center 
in  the  left  bundle  branch,  the  second  complex  in  figure  3.  This  type 
continued  for  10  complexes  at  a  rate  of  26  per  minute.  Recovery 
occurred  promptly  on  admitting  air,  the  last  complex  in  figure  4.  The 
last  complex  in  figure  13,  plate  III,  experiment  29,  also  shows  a  rhythm 
proceeding  from  a  center  in  the  left  bundle  branch.  In  neither  of 
these  two  unique  cases  did  conduction  reach  the  auricle. 

No  reference  has  been  found  in  the  literature  to  any  instance  of  a 
rhythmic  center  so  low  in  the  bundle  system.  But  Dr.  Frank  N. 
Wilson  has  very  kindly  sent  us  a  very  clear  electrocardiogram  showing 
displacement  of  the  pacemaker  of  this  class  which  he  obtained  in  the 
dog  quite  incidental  to  other  experiments.'  '*The  animals  were  given 
large  doses  of  morphine  and  this  sometimes  produced  marked  inhibi- 
tion. In  this  particular  animal  a  center  located  in  the  left  bundle 
branch  escaped  and  transitional  complexes  of  the  type  mentioned  by 
you  occurred.  In  this  instance  I  think  no  alternative  explanation  is 
possible."  By  Doctor  Wilson's  permission,  this  additional  evidence  is 
presented  in  figure  43,  plate  VI.  Eyster  and  Meek's  conception  that 
the  vagus  suppresses  cardiac  function  in  the  descending  direction  is 
carried  a  step  farther  by  these  two  experiments  than  has  previously  been 
suspected. 

'  Private  communication.    Quoted  by  permission. 
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Electrocardiograms  when  the  vagi  are  cut.  If  the  vagi  are  both  cut  at 
the  beginning  of  an  anoxemial  test,  then  no  irregularities  of  the  electro- 
cardiographic complex  occur  in  the  early  post-crisis  period.  It  has 
already  been  explained  that  under  these  circumstances  the  rate  is  not 
slowed  until  late  in  the  post-crisis  asphyxiation,  from  3  to  5  minutes  or 
longer.  Although  the  heart  rate  ultimately  becomes  gradually  slower 
and  finally  stops,  or  becomes  irregular,  there  is  a  long  series  of  perfectly 
normal  complexes,  a  series  that  extends  through  the  slow  and  irregular 
^  rates  of  the  early  post-crisis  shown  in  figures  1,  7,  18,  23,  24  and  34,  and 
in  the  electrocardiograms  of  the  corresponding  stages.  Release  from 
these  early  irregularities  is  best  shown  in  plates  IV  and  V  illustrating 
the  effects  of  cutting  the  vagus  nerves  in  succession  diu-ing  the  early 
crisis. 

Electrocardiographic  changes  when  the  vagi  are  cut  during  the  early  crisis. 
In  plate  IV,  figures  29  and  30,  the  vagi  were  cut  in  succession  at  the 
moments  indicated.  When  the  first  nerve  was  cut,  in  this  case  the 
left,  there  was  little  immediate  effect  on  the  rhythm  but  the  P  wave  was 
changed  to  a  negative.  A-V  rhythm  was  permanently  established  and 
conduction  was  apparently  reversed  but  with  occasional  reversed  block. 
Incidentally  this  illustrates  the  dominant  influence  of  the  right  vagus  on 
the  rhythmic  mechanism  in  contrast  with  the  effect  of  cutting  the  left 
vagus  first  as  shown  in  plate  V,  figures  39,  40  and  41.  When  the  right 
vagus  was  cut  first,  the  immediate  effect  was  a  release  to  S-A  rhjrthm. 
However,  block  was  established  at  first  in  the  2-1  ratio  and  later  com- 
plete, as  shown  by  the  independent  S-A  and  A-V  rhythms,  persisting 
until  the  second  nerve  was  cut,  figures  39  to  41.  These  two  experi- 
ments illustrate  observations  made  by  Cohn  (13)  showing  the  pre- 
ponderance of  influence  of  the  right  vagus  on  rhythm  and  the  left  vagus 
on  conduction,  except  in  oiu-  case  the  fact  is  brought  out  by  anoxemial 
stimulation  of  the  vagal  center. 

When  the  second  nerve  was  cut  in  experiments  of  this  type  there  was 
always  an  immediate  escape  to  a  rapid  rhythm  and  a  perfectly  sequen- 
tial beat  that  persists  through  several  minutes,  3  to  8,  before  abnormaUty 
of  the  electrocardiographic  complex  was  again  displayed.  Figiu^s  30, 
plate  IV,  and  41,  plate  V,  illustrate  such  escape. 

Figures  6,  plate  I,  31  of  plate  IV,  and  42  of  plate  V,  illustrate  the 
effects  of  direct  cardiac  final  anoxemial  asphyxiation.  These  figures 
present  terminal  stages  of  the  series  of  complexes  after  the  vagi  are 
both  cut.  They  are  always  in  the  late  or  terminal  post-crisis  stage  of 
anoxemia.    The  first  two  figures  show  a  final  block  of  conduction  with 
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persistence  of  S-A  rhythm.  Anoxemia  here  reduces  the  conductivity  of 
the  bundle  system  at  a  time  when  rhythmicity  is  still  persistent  in  the 
upper  node.  The  A-V  node  is  also  reduced  in  rhythmicity  though  that 
property  is  not  always  completely  suppressed.  In  both  experiments 
after  a  time  occasional  independent  ventricular  complexes  occur. 
These  are  illustrated  in  figures  32  and  33. 

The  tracing  in  figure  42  illustrates  the  terminal  anoxemia  in  which 
rhythm  was  first  suppressed.  Whether  conduction  was  still  possible 
could  not  be  determined  since  all  rhythm  was  suppressed.  ^ 

This  series  of  electrocardiograms  on  anoxemial  dogs  confirms  our 
suspicion  that  the  slowing  of  rate  and  suppression  of  sino^uricular 
rhythm  in  man  in  the  early  post-crisis  stage  is  a  vagus  effect.  This 
stage  is  entirely  removed  in  the  dog  when  the  vagi  are  sectioned.  Freed 
from  vagus  influence,  the  heart  is  capable  of  sustaining  an  effective 
rhythm  for  some  seconds  and  a  physiological  rhythm  detectable  by  the 
electrocardiograph  for  at  least  3  to  8  minutes.  The  series  clarifies  the 
entire  group  of  questions  as  to  the  relative  danger  in  procedures  which 
induce  human  anoxemial  asphyxiation. 

Summary  of  electrocardiographic  changes  in  the  dog  during  the  post- 
crisis  stages  of  anoxemia:  1.  Electrocardiograms  reveal  the  fact  that 
the  early  post-crisis  cardiac  slowing  is  a  strictly  vagal  influence  on  rate. 

2.  The  degree  of  vagal  anoxemial  stimulation  may  completely 
inhibit  the  S-A  rhythm  or  only  drive  the  rhythm  to  a  lower  focus  in  the 
tail  of  the  node.  ' 

3.  When  S-A  rhythm  is  inhibited  A-V  rhythm  becomes  dominant  but 
at  a  lower  rate  plane,  40  to  50.  When  A-V  rhythm  is  established  inter- 
nodal  conduction  may  still  persist  but  in  the  reversed  direction,  pro- 
ducing an  inverted  sequence. 

4.  Extreme  anoxemial  inhibition  drives  the  rhjrthmic  center  down  into 
the  bundle  branch,  in  the  demonstrations  described  in  this  paper  the  left 
bundle  branch.  Rhythm  may  persist  here  with  fairly  regular  sequence 
through  a  demonstrated  series  of  10  beats.  Rhythm  may  be  entirely 
suppressed. 

5.  When  the  first  vagus  nerve  is  cut  during  anoxemial  vagal  stimula- 
tion the  type  of  electrocardiogram  changes,  according  to  which  nerve  is 
cut  first.  If  the  right  is  cut  first  then  the  S-A  rhythm  often  reappears 
but  interference  with  conduction  persists  so  as  to  produce  inhibitory 
block.  If  the  left  is  cut  first  then  A-V  rhythm  persists  with  reversed 
conduction  or  reversed  block. 

6.  When  the  second  vagus  is  cut  the  heart  always  leaps  forward  to 
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a  rapid  rhythm  with  even  greater  acceleration  than  during  the  pre- 
crisis  stage.  The  electrocardiograms  show  that  this  rhythm  is  perfectly 
normal  and  sequential  in  type. 

7.  After  a  prolonged  series  of  vagus  free  beats,  through  several 
minutes  in  experiment  40,  through  400  consecutive  beats  in  experiment 
41,  direct  cardiac  anoxemia  occurs.  Direct  anoxemia  slows  the  S-A 
rhythm  as  shown  in  all  experiments,  suppresses  internodal  conduction 
first  as  in  experiments  36  and  40,  or  suppresses  rhythm  first  as  in 
experiment  41.  At  this  stage  of  anoxemia  the  A-V  center  does  not 
take  on  the  rhjrthm  but  may  occasionally  discharge  beats.  The  S-A 
center  however  is  apparently  last  to  become  quiescent  under  direct 
cardiac  oxygen  want. 

GENERAL  DISCUSSION   OF  THE  RESULTS 

Early  papers  by  Sherrington  (14),  Roaf  and  Sherrington  (15),  Lewis 
and  Mathison  (16),  and  Mathison  (4)  present  the  initial  literature 
describing  heart  block  as  a  result  of  asphyxia  in  the  mammal.  These 
authors  used  decerebrate,  atorpinized  and  uninjured  cats.  A  careful 
reading  of  their  papers  clearly  pictures  heart  block  as  an  interruption  of 
auriculo-ventricular  conduction  associated  with  a  great  slowing  in  the 
heart  rate.  Lewis  and  Mathison  describe  prolongation  of  the  P-R 
interval  as  introductory  to  simple  heart  block  beginning  with  a  2-1 
rhythm  and  leading  up  to  complete  block.  They  describe  complete 
dissociation,  also  "a  marked  retardation  of  the  auricular  rate  and  this 
likewise  is  independent  of  inhibitory  influences,"  with  speedy  and  com- 
plete recovery.  Clearly  they  exclude  the  phenomenon  of  inhibition. 
Mathison  attributes  heart  block  to  "lack  of  oxygen  rather  than  accumu- 
lation of  carbon  dioxide."  He  says  "cardiac  inhibition  frequently 
comes  on  before  heart  block  can  appear,"  but  obviously  he  does  not 
associate  heart  block  and  inhibition  as  causal  phenomena.  He  reports 
heart  block  in  dogs  when  the  vagi  are  cut. 

We  are  unable  to  confirm  heart  block  at  the  stage  described  by  the 
above  authors  as  a  change  initiated  locally  in  the  conducting  tissues. 
Without  exception  our  experiments  on  dogs  have  never  shown  the  pro- 
nounced early  slowing  with  heart  block  if  the  vagi  are  first  cut.  The 
initial  heart  block  is  present  if  the  vagi  are  intact,  absent  if  the  vagi  are 
cut  in  dogs.  We  agree  with  Mathison  that  the  phenomenon  is  strictly 
due  to  a  lack  of  oxygen.  But  the  lack  of  oxygen  leads  to  a  stimulation, 
then  suppression  of  respirations  and  to  a  profound  increase  in  activity 
of  the  vagal  center  either  overlapping  or  quickly  following  the  stage 
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at  which  respirations  cease.  If  the  vagi  are  not  injured  and  anoxemia  is 
allowed  to  take  its  course  without  artificial  respiration,  there  is  always  a 
composite  picture  ultimately  showing  depression  of  conduction  to  the 
point  of  block;  slowing  of  the  auricle,  as  we  think,  by  inhibition  of  the 
S-A  node;  establishment  of  independent  ventricular  or  A-V  rhythm  due 
to  inhibition  of  the  S-A  rhythm;  and  the  occiurence  of  bimdle  branch 
beats,  all  from  inhibition. 

If  the  vagi  are  cut  then  the  normal  high  rhythm  persists  with  sequen- 
tial beats  that  result  in  sustained  blood  pressure  for  a  minute  or  so  after 
respirations  cease.  The  fast  rate  continues  straight  through  the  early 
period  during  which  anoxemial  inhibition  occurs  when  the  vagi  are 
intact. 

After  a  more  or  less  prolonged  period,  3  to  5  minutes  following  the 
respiratory  pause,  and  when  the  blood  pressure  approaches  zero  and  the 
heart  beats  can  no  longer  be  readily  distinguished  by  the  mercury  mano- 
meter, then  a  second  and  direct  disturbance  of  the  heart  rhythm  occurs. 
There  is  great  slowing  of  the  rate,  heart  block  and  independent  rhythms. 
There  is  loss  of  auricular  rhythm  due  to  reversed  block  or  of  ventricular 
rhythm  from  direct  block.  Finally  complete  cardiac  pause  ensues. 
This  seems  to  be  the  stage  observed  by  Mathison  and  the  onset  by  his 
methods  was  more  abrupt  than  we  observed. 

A  difficulty  in  correlating  these  facts  with  those  related  in  the  litera- 
ture depends  upon  the  fact  that  Mathison  and  the  others  used  rapid 
methods  to  induce  asphyxiation.  The  method  of  occlusion  of  the 
trachea  suddenly  withholds  oxygen  and  fails  to  remove  carbon  dioxide, 
as  does  also  the  rebreathing  of  pure  nitrogen  from  a  bag.  Our  method 
of  rebreathing  purified  air  progressively  withdraws  oxygen.  The  rate 
of  withdrawal  used  by  us  allows  the  body  tissues  and  organs  to  pro- 
gressively adapt  to  the  condition  of  oxygen  lack.  There  is  less  danger 
from  misleading  secondary  reactions.  On  the  whole  a  truer  p\cture  of 
uncomplicated  anoxemia  seems  to  result. 

Mathison  and  others  do  not  record  normal  respirations  when  they  do 
occur  and  it  is  difficult  to  determine  from  blood  pressures  alone  the 
corresponding  times  in  the  asphyxial  cycle.  Mathison's  experiment  5 
shows  a  long  period  of  large  variations  in  the  blood  pressure  and  a 
slower  heart  rate  induced  at  about  60  seconds  after  beginning  nitrogen 
respirations.  The  high  blood  pressure  and  large  pulse  amplitudes 
suggest  that  this  phenomenon  can  not  be  the  late  and  final  direct 
anoxemia  described  by  us.  We  are  at  a  loss  to  explain  the  difference 
unless  the  cat  and  dog  show  a  fundamental  variation  in  this  regard. 
We  refer  in  comparison  to  our  figures  1,  18,  22  and  34. 
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Haggard  (11)  has  recently  studied  carbon  monoxide  asphyxiation  in 
which  the  blood  changes  and  the  electrocardiographic  responses  were 
observed  in  animals  poisoned  by  carbon  monoxide  gas.  He  carried 
experiments  to  fatal  terminations,  also  recovered  animals  after  gassing. 
He  atropinized  animals  but  did  not  operate  as  a  method  of  removing 
vagus  influence. 

Haggard  did  not  take  continuous  electrocardiograms  but  his  inter- 
mittent tracings  show  cardiac  phenomena  which  at  one  time  or  another 
we  have  obtained,  with  the  exception  of  ventricular  fibrillation.  His 
figures  3  to  9  and  11  to  13  contain  complexes  that  are  common  enough 
pictures  in  progressive  anoxemia  as  obtained  by  our  methods.  One 
could  interpret  his  results  as  due  to  true  anoxemia  rather  than  due  to 
carbon  monoxide  an  interpretation  on  which  Gasser  and  Loevenhart 
based  their  method  for  inducing  anoxemia.  In  our  experiments  also 
"  the  cardio-inhibitory  center  maintains  its  activity  longer  than  does  the 
respiratory  center."  Haggard  (p.  398)  describes  a  phenomenon  which  . 
he  attributes  to  "fatigued  cardio-inhibitory  center."  We  obtained 
some  not  very  conclusive  evidence  on  this  point.  In  the  preceding 
pages  we  have  given  the  facts  and  explanations  which  will  clarify 
Haggard's  observation  that  after  atropine  and  carbon  monoxide 
"the  heart  maintains  a  rapid  rate  until  the  time  of  respiratory  failure. 
Following  this,  the  rate  slowed,  the  P-R  time  increased  and  A-V  block 
developed,  but  without  the  stage  of  auricular  cessation  noted  in  the 
unatropinized  animals."  The  statement  could  be  made  of  dogs  under 
anoxemia  provided  we  considered  only  the  very  early  and  the  final 
effects  of  anoxemia,  pictures  due  to  two  very  different  causes.  It  is 
apparent  that  Haggard  missed  the  beautiful  sequence,  probably  true 
for  monoxide  asphyxia  as  well  as  for  simple  anoxemia,  by  not  taking 
continuous  electrocardiograms. 

We  deem  it  more  than  probable  that  the  cyle  of  circulatory  events  is 
fundamentally  similar  by  the  various  methods  of  producing  anoxemia. 
The  sequence  and  intensity  of  the  reactions,  however,  must  vary  with 
the  rapidity  of  the  onset,  and  with  the  rate  and  thoroughness  with  which 
oxygen  is  removed  from  the  tissues.  In  the  last  and  final  extreme  re- 
duc;ion  of  cellular  oxygen  suppresses  the  fires  of  physiological  processes. 
However  resistant  the  tissue  or  organ  may  be  its  activity  is  smothered  by 
oxygen  want. 

Protocol.  Exper.  26,  Dog  12,  Wt.  10  K.  Chloretone  0.3  gram  per  K.,  air  allow- 
ance 3  liters,  oxygen  at  the  crisis  4.5  per  cent.    Electrocardiograms. 
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This  experiment  ran  through  a  very  even  and  uniform  pre-crisis  period  showing 
a  gradual  use  of  oxygen  and  little  or  no  variations  of  blood  pressure  until  the  11th 
minute.  Blood  pressure  then  increased  until  the  end  of  the  12th  minute,  which 
marks  the  first  maximal  pressure.  There  was  great  slowing  and  irregularity  of 
the  heart  rate  but  normal  sequence  through  the  maximal.  At  13  minutes,  30 
seconds,  respirations  stopped.  The  heart  rate  was  progressively  slowed  and 
the  pulse  amplitude  greatly  increased.  At  13  minutes,  58  seconds,  the  rate 
became  suddenly  very  slow  and  continued  slow  through  about  80  seconds.  Insuf- 
flation was  then  begun  and  after  10  very  slow  beats  recovery  occurred  rapidly,  at 
15  minutes,  45  seconds.  This  point  is  marked  in  figure  1  by  the  letter  S  over  the 
first  normal  or  sequential  contraction  in  the  recovery. 


Fig.  1.  Experiment  26.  The  blood  pressure  and  respiratory  records  show  a 
somewhat  unusual  form  of  response  to  anoxemia.  The  blood  pressure  crisis 
exhibits  two  periods  of  maximal  pressure  with  profound  slowing  of  respiration 
at  the  onset  of  the  first  and  stopping  at  the  second.  At  13  minutes,  58  seconds, 
the  heart  beat  suddenly  drops  to  a  slower  rate.  Plate  I,  figure  2,  shows  that  this 
change  is  due  to  a  shift  from  an  S-A  to  an  A-V  rhjrthm.  At  15  minutes,  20  sec- 
onds, insufflation  was  started.  It  had  no  influence  on  the  electrocardiograms 
for  25  seconds  when  at  15  minutes,  45  seconds,  regular  sequential  beats  were 
reestablished  on  the  particular  beat  marked  S  (see  also  fig.  4).  The  10  beats 
following  insufflation  arise  from  a  rhythmic  point  in  the  left  bundle  branch. 
Electrocardiograms  are  presented  of  the  individual  beats  marked  by  dots.  Mag- 
nification X  0.56. 

Continuous  electrocardiograms  beginning  at  12  minutes  were  obtained  (see 
plate  I,  figs.  2  to  5).  The  electrocardiograms  showed  slow  and  irregular  rhythm 
but  no  abnormal  sequences  until  13  minutes,  58  seconds,  when  the  rhythm  shifted 
from  an  S-A  to  an  A-V  origin,  figure  2.  With  the  shift  the  Q  wave  appeared  and 
was  followed  by  an  exceptionally  tall  R  wave,  16  nun.,  in  comparison  with  the 
normal  sequential  complex  which  in  this  animal  showed  an  R  of  only  2  to  3  mm. 
At  15  minutes,  22  seconds,  the  origin  of  the  rhythm  shifted  to  a  still  lower  point  in 
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the  A-V  bundle  system,  figure  3.  The  complex  from  the  new  focus  has  an  S  wave 
of  10  mm.  amplitude  and  a  tall  positive  T  wave.  It  is  typical  of  left  ventricular 
dominance  but  its  type  shows  bundle  origin.  The  focal  center  is  apparently  in  the 
left  bundle  branch  and  remains  there  for  the  next  10  beats.  After  10  beats  insuf- 
flation introduced  enough  oxygen  to  bring  about  a  normal  sequential  heart  beat 
of  increasing  rate  and  final  recovery. 

This  whole  phenomenon  is  interpreted  as  vagal  stimulation  by  anoxemia  at 
the  center.  The  most  striking  new  observation  is  the  fact  that  anoxemia  affects 
the  vagal  center  profoundly  enough  to  drive  the  rhythm  to  a  point  so  low  as  the 
left  bundle  branch. 


Plate  I,  Experiment  26.  The  positions  of  the  electrocardiograms  shown  in 
figures  2  to  5  of  this  plate  are  marked  in  the  blood  pressure  curve  by  dots  imder 
the  corresponding  beats.    Figure  6  is  the  terminal  record  of  experiment  36. 

Fig.  2.  Five  complexes  recorded  at  13  minutes,  58  seconds,  showing  the  shift 
in  the  rhythm  from  S-A  to  A-V  origin.  Extrinsic  currents  interfere  but  there  is 
no  very  clear  evidence  of  a  P  wave.  Possibly  the  slight  negative  depressions 
in  the  T-waves  of  the  last  two  complexes  can  be  attributed  to  the  auricle.  There 
are  49  complexes  in  this  group.  Definite  and  clear  reversed  conduction  charae^ 
terixes  the  last  29. 

Fig.  3.  At  this  point  A-V  rhythm  with  reversed  conduction  suddenly  ceased 
and  a  ventricular  complex  characteristic  of  left  ventricular  dominance  and  bundle 
branch  origin  began.  This  type  runs  for  10  successive  contractions.  These 
contractions  are  explained  on  the  assumption  of  origin  of  the  beat  in  the  base  of 
the  left  bundle  branch. 

Fig.  4.  The  two  complexes  of  left  bundle  branch  origin  are  followed  by  one 
sequential  beat.  Sequential  contractions  continued  until  complete  recovery 
of  normal  rate  and  conduction.  The  sequential  beats  have  at  first  a  relatively 
long  P-R  interval  but  conduction  slowly  improved  under  insufflation. 

Fig.  5.    Fifth  to  eighth  sequential  beats  during  the  recovery  under  insufflation. 
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Fig.  6.  This  excerpt  from  a  continuous  electrocardiographic  record  of  experi- 
ment 36  through  7  minutes  after  respirations  stopped  shows  the  direct  asphyxial 
effect  on  the  heart  when  the  vagi  are  cut.  The  rate  progressively  slowed  to  the 
auricular  rate  shown  in  this  figure,  14  minutes.  Then  there  occurred  2-1  block 
for  two  periods  followed  by  complete  block.  During  the  last  minute  and  a  half 
of  the  entire  record  six  independent  ventricular  complexes  occurred.  When  the 
electrocardiographic  record  ceased  the  auricular  rate  was  still  25  per  minute  and 
regular. 

Protocol.  Exper.  29,  Dog  13,  Wt.  9  K.  Chloretone  0.3  gram  per  K.,  air  allow- 
ance 4  liters,  oxygen  at  end  2.2  per  cent.  Vagi  intact.  Dog  not  revived.  Elec- 
trocardiograms through  the  early  and  the  beginning  of  the  late  anoxemial  state, 
plate  II,  figures  8  to  16. 

Anesthesia  relatively  light,  occasional  skeletal  muscle  contractions  during  the 
early  stages  of  the  experiment.  Respirations  rapid  at  the  beginning  but  very 
slow  and  irregular  from  the  4th  to  the  8th  minute  and  regular  and  typical  during 
the  last  portion  of  the  test. 

Blood  pressure  was  more  sensitive  to  external  or  reflex  stimulation  than  usual. 
There  were  two  maximal  pressure  waves  separated  by  1.5  minutes,  figure  7. 
From  13  minutes,  the  heart  progressively  slowed  until  at  the  last  respiration 
the  pulse  amplitude  was  70  mm.  From  the  moment  of  the  last  respiration  blood 
pressure  fell  uniformly  through  2.5  minutes,  when  the  heart  beats  were  no  longer 
strong  enough  to  record.  The  heart  rate  remained  uniformly  slow  through 
70  odd  seconds,  then  gradually  increased  in  rate  but  still  decreased  in  amplitude. 
'  At  16  minutes,  the  pulse  cannot  be  counted  on  the  blood  pressure  tracing,  though 
it  is  clear  and  sequential  in  the  electrocardiograms. 

There  were  four  respiratory  gasps  after  regular  respirations  stopped.  The 
second  and  third  are  followed  by  a  slight  increase  in  heart  rate. 

The  electrocardiograms  showed  the  usual  normal — P  2  mm.,  Q  slight,  R  21 
mm.,  S  none,  T  negative  4.5  nun.,  P-R  0.098  seconds,  R-T  0.200  seconds,  rate  140 
per  minute. 

At  12  minutes,  7  seconds,  the  T  wave  became  positive.  At  12  minutes,  23  sec- 
onds, figure  2,  the  T  wave  had  increased  to  6.5  mm.  At  12  minutes,  53  seconds, 
the  T  had  reached  an  amplitude  of  12  to  14  mm.  At  about  13  minutes,  30  seconds, 
the  slowing  is  more  pronounced,  and  at  13  minutes,  42  seconds,  8-A  rhythm  was 
inhibited  and  A-V  rhythm  established,  figure  11,  plate  II.  The  type  of  reversed 
conduction  shown  in  the  third  complex  of  figure  11  continues'  through  9  beats 
after  which  for  23  consecutive  beats  there  was  no  evidence  of  auricular  action. 
The  24th  and  25  th  beats,  the  3rd  and  4th  of  figure  13,  are  sequential.  At  this 
point  the  first  respiratory  gasp  shown  in  figure  7  occurred.  These  are  followed 
by  10  beats  with  no  P  wave  in  evidence. 

On  the  last  complex  of  figure  13,  the  character  of  the  complex  changes.  There 
is  now  a  very  short  R  wave,  deep  and  profound  S,  and  a  continued  tall  T.  This  is 
a  typical  left  ventricular  dominance.  This  we  also  explain  by  assuming  that  at 
this  point  the  origin  of  the  rhythm  shifted  down  the  A-V  node  to  a  still  lower 
point  in  the  conducting  system,  to  the  left  bundle  branch.  This  type  of  beat 
gradually  shifted  back  to  the  normal  sequential  beat  as  shown  in  figure  14.  The 
first  complex  in  figure  14  introduced  reversed  conduction.    In  the  third  complex 
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the  P  wave  occurred  before  the  ventricular  complex,  and  in  the  fourth  and  fifth 
the  regular  sequential  beats  appeared  and  continued  for  some  12  beats  before  a 
second  respiratory  disturbance  occurred.  The  third  complex  in  figure  14  shows 
left  ventricular  dominance  but  an  auricular  beat  occurs  higher  up  either  in  the 
tail  of  the  S-A  node  or  in  the  atrial  groove.  Possibly  the  left  ventricular  type  in 
this  case  can  be  attributed  to  relative  right  bundle  block  rather  than  left  bundle 
rhythm.  If  so,  it  would  indicate  an  influence  nf  the  vagus  nerve  on  conduction 
extending  well  down  into  the  ventricular  portion  of  the  bundle  system  and  greater 
on  the  right  bundle. 


Fig.  7.  Experiment  29.  The  respiratory  and  blood  pressure  tracings  at  the 
terminus  of  the  test.  Top  line  respiratory  movements  which  ceased  at  13  min- 
utes, 44  seconds.  Middle  line  blood  pressure.  The  maximum  or  crisis  occurred 
at  13  minutes,  30  seconds.  The  numbers  below  the  blood  pressure  tracing  indi- 
cate points  figured  in  the  electrocardiograms,  plate  II,  figures  10  to  17  inclusive. 
R\  R'\  R"\  iJ""  respiratory  gasps  occurred  after  rhythmic  respirations  had 
ceased.    No  attempt  at  recovery.    Magnification  X  0.68. 

Sequential  beats  continued  from  14  minutes,  30  seconds,  through  to  15  minutes, 
50  seconds,  when  partial  2-1  block  occurred  as  shown  in  figure  16.  In  the  mean 
time  the  duration  of  the  P  wave  and  the  length  of  the  P-R  interval  very  progres- 
sively increased  to  the  extreme  degree  shown  in  figure  16  when  2-1  block  was 
established.  The  electrocardiographic  record  ceased  at  16  minutes  with  the 
type  of  record  shown  in  figure  17,  2  minutes,  20  seconds,  after  respirations  ceased. 
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Plate  II 
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Plate  II,  Experiment  29. 

Fig.  8.  Normal  electrocardiograms.  Note  the  characteristic  tall  R  and  the 
negative  T  waves. 

Fig.  9.  Time,  12  minutes,  23  seconds.  The  T~wave  had  changed  from  a  nega- 
tive to  a  positive  16  seconds  earlier.    R  now  decreasing. 

Fig.  10.  Time,  12  minutes,  63  seconds.  Both  the  R  and  the  T  waves  pro- 
gressively increased  between  figures  9  and  10. 

Fig.  11.  Time,  13  minutes,  42  seconds.  Rapid  inhibitory  slowing  of  the  rate 
(vagal)  during  the  preceding  10  beats.  S-A  rhythm  inhibited  and  A-V  estab- 
lished at  this  point.  Reversed  conduction  continued  through  9  beats  with  block 
on  the  second,  third  and  ninth  between  this  and  figure  12. 

Fig.  12.  Time,  13  minutes,  56  seconds.  Reversed  conduction  blocked  in  the 
second  complex  and  permanently  blocked  in  a  series  of  complexes  following  this 
point.  Note  the  delay  of  reversed  conduction  in  the  third  complex  compared 
with  the  first  in  this  figure. 

Fig.  13.  Time,  14  minutes,  15  seconds.  Transitions  occur  in  the  pacemaker 
along  the  A~V  node  ending  in  a  ventricular  beat  with  left  dominance  in  the  last 
complex.  The  third  and  fourth  complexes  occur  at  the  first  anoxemial  respiratory 
gasp,  shown  in  the  blood  pressure  curve,  figure  7,  and  are  due  to  momentary  but 
partial  suppression  of  the  vagal  inhibition. 

Fig.  14.  Time,  14  minutes,  30  seconds.  Sudden  transition  from  deep  A-V 
rhythm  to  a  normal  sequential  but  slow  rhythm.  From  this  point  no  further 
irregularities  in  sequence  occur  until  permanent  block  appeared  80  seconds  later. 

Fig.  15.  Time,  14  minutes,  45  seconds.  Momentary  auricular  flutter  at  the 
second  respiratory  gasp  shown  in  figure  13.    Sequence  normal  when  it  occurs. 

Fig.  16.  Time,  15  minutes,  50  seconds.  Appearance  of  direct  anoxemial 
block  to  2-1  rhythm.  For  the  preceding  30  seconds  the  P~R  became  progressively 
longer,  from  0.12  second,  to  0.28  second.  The  duration  of  the  auricular  contrac- 
tion abo  progressively  increased  as  shown  in  this  figure. 

Fig.  17.  Time,  16  minutes.  Establishment  of  permanent  block  but  with 
both  S-A  and  A-V  rhythms  still  occurring.  The  record  not  taken  beyond  this 
point. 

The  reCstablishment  of  sequential  beats  after  the  extreme  inhibition  shown  in 
the  first  anoxemial  slowing  indicates  a  partial  escape  from  the  vagal  inhibition  of 
conduction.  Henderson  and  Haggard  have  given  evidence  indicating  a  similar 
phenomenon  of  escape  after  carbon  monoxide  asphyxiation. 

Protocol,  Exper.  33,  Dog  16,  Wt.  7.5  K.  Chloretone  0.3  gram  per  K.,  air  allow- 
ance 4  liters,  oxygen  reached  4.37  per  cent.  Vagi  intact.  Electrocardiograms 
throughout  the  critical  asphyicial  stage,  plate  III,  figures  19  to  21. 

An  excellent  record  of  respirations  and  blood  pressure  was  obtained  with 
unusual  features  in  the  terminal  phase.  Electrocardiograms  continue  through 
the  entire  critical  post-crisis  period,  figure  18,  and  plate  III,  figures  19,  20  and  21. 
The  respiratory  record  shows  a  very  uniform  consumption  of  oxygen  to  10  minutes, 
a  progressive  falling  off  of  oxygen  used  until  respirations  ceased  at  12  minutes, 
20  seconds. 

The  rise  of  blood  pressure  was  sharp  during  the  crisis,  notwithstanding  the 
fact  that  the  heart  rate  slowly  decreased  from  160  at  10  minutes,  40  seconds,  to 
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128  at  the  time  of  maximum  pressure,  12  minutes.  There  are  four  periods  of  pro- 
nounced cardiac  slowing  during  the  13th  minute,  the  first  occurring  between  the 
last  two  respirations,  figure  18. 

At  the  beginning  of  the  4th  pronounced  period  of  slowing,  marked  A-V  rhythm 
on  the  figure,  auricular  contractions  disappeared  leaving  a  pure  ventricular  com- 
plex. Occasionally  there  was  reversed  conduction  with  a  rather  long  R-P  inter- 
val, figures  20  and  21.  Beginning  with  the  last  complex  in  figure  21,  sequential 
rhythm  was  established,  and  the  rate  increased  as  shown  in  the  blood  pressure 
tracing,  figure  18.  This  was  possibly  a  release  from  the  vagus  anoxemial  inhibi- 
tion on  account  of  the  entrance  of  air  obtained  through  insufflation  begim  at 
13  minutes,  55  seconds.    However,  no  recovery  of  the  animal  occurred. 


Fig.  18.  Experiment  33.  The  terminal  stage  of  experiment  33,  vagi  intact. 
The  numbers  above  the  blood  pressure  curve  are  heart  rates  per  minute.  At  the 
blood  pressure  crisis  three  great  irregularities  in  the  heart  rate  appear,  i.e.,  three 
groups  of  slow  rates  each  followed  by  a  momentary  recovery.  These  periods  are 
in  reality  2-1  blocks  as  shown  by  the  electrocardiograms,  plate  III,  figure  19. 
Ecg,  1  and  ecg.  B-S  are  figured  in  plate  III.  A-V  rhythm  marks  the  point  where 
the  S-A  rhythm  was  completely  inhibited.  Ins.,  insufflation  began.  On  the  fifth 
beat,  the  last  complex  of  figure  21  of  the  electrocardiographic  series,  normal  S-A 
rhythm  was  reestablished.    Magnification  X  0.59. 

Protocol.  Exper.  36,  Dog  18,  Wt.  10  K.  Chloretone  and  ether,  air  allowance  4.5 
liters,  oxygen  at  the  end  3.46  per  cent.  Vagi  cut  at  the  beginning.  Dog  not 
revived.  Continuous  electrocardiograms  for  6  minutes,  beginning  10  seconds 
before  respirations  ceased,  plate  I,  figure  6. 

Respirations  very  irregular,  rather  rapid  until  the  last  minute  when  they 
slowed  down  at  the  anoxemial  crisis. 

The  blood  pressure  increased  at  the  moment  both  vagi  were  cut  at  the  begin- 
ning of  the  experiment  and  remained  high  until  anoxemia  appeared.  The  pres- 
sure then  very  gradually  decreased  with  failing  respiration.    No  slow  beats  at 
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the  crisis,  very  regular  heart  rate  with  gradual  decrease  in  pulse  amplitude  until 
the  variations  were  no  longer  recorded  by  the  manometer,  figure  22.  Sequential 
heart  beats  to  14  minutes,  30  seconds,  plate  I,  figure  6.  At  4  minutes,  5  seconds, 
after  respirations  stopped,  complete  block  occurred.  The  auricle  continued  to 
beat  with  regular  but  decreasing  rhythm  for  7  minutes,  35  seconds,  after  respira- 
tions ceased.  The  auricular  rate  was  25  per  minute  at  this  time  when  the  elec- 
trocardiographic record  was  stopped.  The  development  of  heart  block  in  this 
experiment  was  like  that  in  experiment  40,  plate  IV,  figure  32. 

In  this  experiment  conduction  was  first  eliminated  in  the  late  anoxemia! 
asphyxiation  of  the  tissue  as  in  experiment  40.  The  electrocardiograms  show  that 
the  inception  of  block  was  preceded  by  a  group  of  rapidly  lengthening  P-R  inter- 
vals. The  P-R  intervals  in  the  complexes  figured  are  0.200  second,  0.200,  0.200, 
0.208,  0.212,  0.220,  0.232,  block,  0.228,  block  now  complete.  Six  irregular  and 
independent  ventricular  complexes  occurred  late  after  the  development  of  block. 


Plate  III,  Experiment  33. 

Fig.  19.  This  figures  the  third  group  of  four  beats  at  a  slow  rate  as  shown  in 
the  blood  pressure  curve  of  experiment  33 .  Four  auricular  contractions  are  shown 
to  be  blocked  and  a  2-1  rhythm  occurs.  Recovery  of  conduction  extended 
through  the  succeeding  rapid  period  shown  in  the  blood  pressure  curve. 

Fig.  20.  An  A-V  rhythm  has  persisted  through  the  preceding  70  seconds. 
Reversed  conduction  occurs  occasionally  only.  It  is  shown  in  the  first  and 
fourth  complexes  of  this  figure.  Reversed  block  occurs  in  the  second  complex. 
The  third  complex  is  produced  by  an  escape  to  S-A  rhythm  at  the  moment  when 
insufflation  began,  see  the  blood  pressure  curve,  figure  18. 

Fig.  21.  Continuation  of  figure  20,  showing  reversed  conduction,  block,  and 
the  permanent  return  of  S-A  control  beginning  with  the  last  complex.  From 
this  point  on  sequence  is  normal  and  the  rate  progressively  increases. 
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Protocol,  Exper.  38,  Dog  19,  Wt.  9  K.  Chloretone  0.3  gram  per  K.,  air  allow- 
ance 4  liters,  oxygen  at  crisis  2.38  per  cent.  No  electrocardiograms.  Respiratory 
and  blood  pressure  curves. 

Respirations  rapid,  use  of  oxygen  uniform,  but  decreasing  at  the  very  last 
before  respirations  ceased  at  14  minutes,  16  seconds. 

The  rise  of  blood  pressure  was  moderate  at  the  crisis.  Heart  rate  at  its  maxi- 
mum at  13  minutes,  30  seconds,  near  the  crest  of  maximal  blood  pressure.  The 
heart  slowing  began  about  30  seconds  before  the  respirations  ceased,  became 
very  profound  at  14  minutes,  35  seconds,  with  a  rate  of  44  per  minute.    The  right 


Fig.  22.  Experiment  36.  Showing  the  terminal  respiratory  and  blood  pres- 
sure records  of  a  comparatively  infrequent  type  of  response  to  anoxemia  when 
the  vagi  are  cut  at  the  beginning  of  the  test.  Respirations  ceased  at  10  minutes, 
25  seconds,  while  the  dog  was  inspiring  3.62  per  cent  oxygen  and  0.45  per  cent 
carbon  dioxide.  The  blood  pressure  declined  earlier  than  the  rule  but  the  heart 
rate  was  sustained  in  normal  sequence  for  3.5  minutes  and  the  auricles  still  con- 
tracted at  the  end  of  17.5  minutes  when  the  record  was  discontinued.  Figure  6, 
plate  I,  shows  the  beginning  of  direct  asphyxial  heart  block  at  14  minutes.  Mag- 
nification X  0.76. 

vagus  was  cut  at  14  minutes,  58  seconds.  The  rate  immediately  doubled  in 
partial  release.  The  left  vagus  was  cut  at  15  minutes,  40  seconds.  At  this 
point  the  rate  was  released  to  216  per  minute,  a  greater  rate  than  at  the  maximal 
blood  pressure.  During  the  interval  between  the  cutting  of  the  right  and  left 
vagus  nerves  the  blood  pressure  was  relatively  high  and  the  pulse  amplitude 
great  (see  fig.  23). 

Artificial  respirations  were  established  before  anoxemia  had  advanced  to  the 
second  asphyxial  stage,  natural  respirations  returned  at  17  minutes,  15  seconds. 
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Protocol.  Exper.  40,  Dog  20,  Wt.  16  K.  Chloretone  0.3  gram  per  K.,  air  allow- 
ance 4  liters,  oxygen  at  end  2.5  per  cent.  Electrocardiograms.  Vagi  cut  during 
the  cardiac  slowing  following  the  respiratory  crisis.    Insufflation  but  no  recovery. 

The  blood  pressure  was  very  uniform  and  even  until  the  6th  minute  when  the 
pressure  began  to  rise  and  the  heart  rate  to  increase.  The  maximum  pressure 
was  reached  at  the  moment  when  respirations  stopped,  although  the  average 
high  pressure  was  maintained  one  minute  and  more  longer. 

Between  the  last  two  respirations  22  heart  beats  occurred.  Following  the  last 
respiration  there  are  56  beats  to  the  point  marked  left  vagvA  cut,  figure  24.  These 
groups  are  each  slower  than  the  preceding.  At  the  last  group  of  12  beats  the  blood 
pressure  was  158  and  the  pulse  amplitude  80.  When  the  left  vagus  was  cut  slow 
swinging  pulses  occurred  to  the  point  marked  R.  V.  cut.    There  are  four  slihgt 


Fig.  23.  Experiment  38.  Slowing  of  the  heart  rate  began  at  13  minutes,  40 
seconds,  and  at  14  minutes,  30  seconds,  had  dropped  to  44.  The  right  vagus  was 
cut  at  the  point  marked.  There  was  an  immediate  increase  of  the  rate  to  88  per 
minute.  When  the  left  vagus  was  cut  the  rate  immediately  escaped  to  the  pre- 
crisis  figure  and  rapidly  ran  up  to  216  per  minute.  No  electrocardiograms  were 
obtained.    The  heart  rates  are  given  on  the  tracing.    MagniBcation  X  0.54. 

irregularities  in  this  series,  otherwise  they  are  remarkably  even,  though  the 
pulse  amplitudes  progressively  decreased.  Counting  the  four  irregularities 
there  are  62  beats  in  the  interval.  When  the  right  vagus  was  cut  the  pressure  was 
122  with  pulse  amplitudes  of  68.  Instantly  the  heart  rate  increased  and  the  pres- 
sure struck  a  maximiun  of  130  rapidly  falling  to  108  in  8  or  10  seconds.  After  a 
small  group  of  very  irregular  pressures  a  very  regular  series  of  heart  beats  and 
even  pressure  variations  occurred  through  25  seconds,  the  pressure  at  the  begin- 
ning averaging  86.    At  the  end  of  this  regular  group  the  pressure  was  76.    Insuf- 
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flation    then    produced    irregularities    in   the  blood   pressure  which    however 
continued  to  fall.    No  recovery  was  obtained. 

The  normal  electrocardiogram  did  not  vary  from  the  usual  type.  The  R  was 
tall,  23  mm.,  and  T  diphasic  with  the  negative  wave  moderate.  This  type  con- 
tinued through  the  records  of  the  4th  and  8th  minutes.  Continuous  electrocar- 
diograms began  at  8  minutes,  55  seconds,  and  ran  through  the  entire  post  crisis. 
At  the  beginning  of  the  continuous  record  the  T  wave  was  positive,  9  nun.  in 
amplitude.  By  counting  the  regular  beats  corresponding  to  the  first,  second 
and  third  blood  pressure  groups  preceding  the  cutting  of  the  left  vagus,  it  was 
easy  to  identify  the  irregularities  in  the  electrocardiograms.  They  are  asso- 
ciated with  a  series  of  progressive  shortenings  of  the  P-R  intervals.  Measuring 
straight  through  the  three  irregular  periods  shown  in  the  blood  pressure  record 
before  the  left  vagus  was  cut  we  have  the  following  P-R  times  in  order:  1st  beat, 


Fig.  24.  Experiment  40.  Respirations  stop  at  8  minutes,  56  seconds.  Fifty 
seconds  later  the  left  vagus  was  cut.  At  10  minutes,  35  seconds,  the  right  vagus 
was  cut.  Insuf.f  insufflation  began  but  changed  to  bellows  and  stopped  at  off. 
No  recovery.  The  electrocardiographic  record  was  continuous  from  8  minutes, 
54  seconds,  to  17  minutes,  40  seconds.  At  12  minutes,  50  seconds,  independent 
auricular  and  ventricular  rhythms,  i.e.,  complete  block  was  established.  At  14 
minutes,  40  seconds,  the  auricular  electrocardiograms  were  still  regular  but 
became  too  weak  to  photograph.  At  17  minutes,  40  seconds,  the  ventricle  was 
contracting  irregularly  at  about  6  per  minute.  The  record  was  then  stopped  at 
7  minutes,  46  seconds,  after  natural  respirations  ceased.  The  time  line  is  raised 
to  30  mm.  pressure.    Magnification  X  0.59. 

0.112  second;  2nd,  0.100;  3rd,  0.092;  4th,  0.080;  5th,  0.084;  6th,  0.064;  7th,  0.072; 
8th,  0.052;  9th,  0.012;  10th,  000;  11th,  0.128;  12th,  0.100;  13th,  0.112;  14th,  0.108; 
15th,  0.092;  16th,  0.052;  17th,  000;  18th,  0.136,  19th,  0.116;  20th,  0.100;  21st,  0.088; 
22nd,  0.056;  23rd,  0.020;  24th,  -0.040  (reversed  conduction);  25th,  0.112;  26th, 
0.092;  27th,  0.088;  28th,  0.084;  29th,  0.120.  These  conduction  times  identify  the 
irregularities  as  due  to  a  progressive  displacc'ment  of  the  rhythmic  center  in  the 
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descending  direction  the  most  striking  in  our  series.    The  10th,  17th  and  24th 
are  the  critical  complexes,  plate  IV,  figure  28. 

At  the  point  marked,  plate  IV,  figure  29,  the  first  or  left  vagus  was  out.  The 
two  beats  preceding  the  section  of  the  nerve  have  buried  P  waves,  so  also  the  first 
beat  following  the  cut.  The  third  complex  shows  a  well-marked  reversed  conduc- 
tion, the  P  wave  occurring  late  in  the  T.  This  auricular  complex  began  a  series 
of  negative  P  waves  nmning  through  the  entire  group  of  electrocardiograms  until 
the  second  or  right  vagus  was  cut.  The  5th  beat  showed  a  reversed  conduction 
time  of  0.216  second,  in  the  sixth  beat  the  R-P  interval  is  0.328  second,  if  indeed 
this  P  should  not  be  considered  as  belonging  to  the  following  complex.  The 
next  5  or  6  contractions  introduce  variations  of  similar  type,  and  this  phenomenon 
recurred  at  intervals  until  the  second  vagus  was  cut.  Certain  ventricular  com-', 
plexes  show  no  associated  auricular  contractions. 

At  the  intervals  between  the  58th  and  63rd  beats  after  cutting  the  left  vagus, 
there  are  variations  in  the  iso-electric  period  which  mark  the  lifting  and  cutting 
of  the  right  vagus  nerve.  Although  the  nerve  was  cut  promptly  the  exact  point 
of  cutting  is  in  doubt.  The  64th  beat  is  partially  recorded  only.  The  65th  beat 
and  the  series  that  follow  are  normal  sequential  complexes  increasing  very 
rapidly  in  rate  and  decreasing  in  the  amplitude  of  the  T,  through  18  or  20  beats. 
The  18th  recovery  beat  is  at  a  rate  of  242,  P-R  0.104  second,  R-T  0.104  second, 
P  1.6  with  rather  broad  base,  Q  1,  R  17,  S  none,  and  T  7.  After  the  22nd  beat 
there  was  some  irregularity  in  the  sequence. 

For  about  40  seconds  following  the  section  of  the  second  vagus  the  record  was 
regular  and  uniform  with  slight  broad  wavelike  variations  (suggestive  of  some 
extrinsic  influence).  At  the  stage  of  anoxemia  when  -these  end  the  T  waves 
greatly  augment,  changing  from  6  to  10  mm.  in  about  10  beats.  The  P-R  interval 
lengthens  to  0.14  second.  At  the  end  of  the  tracing  the  T  wave  had  increasd 
to  16  mm.  and  the  P-R  to  0.16  second  and  the  rate  had  slowed  to  106  per  minute. 
These  complexes  are  regular  and  slow  sequential  beats  with  tall  T  waves  and 
increasingly  long  P-R  intervals.  The  10  complexes  preceding  complete  and  final 
block  have  P-R  intervals  that  measure  0.136  second,  0.152,  0.152,  0.160,  0.160, 
0.168,  0.220,  0.232,  block,  and  0.248.  All  succeeding  contractions  are  blocked, 
figure  31 .  A  regular  auricular  rhythm  continued  through  about  2  minutes  but  the 
P  waves  became  increasingly  faint  until  they  could  not  be  distinguished  at  14  min- 
utes, 50  seconds. 

Occasional  ventricular  complexes  occur  during  this  time.  The  first  one  is 
fused  with  an  auricular  complex,  the  second,  third  and  fourth  are  obviously  inde- 
pendent, ^nd  fifth  appears  so  but  follows  a P  wave  by  0 .092 second,  the  6th  and  7th 
follow  P  waves  by  0.180  second,  the  8th  by  0.008  second,  and  in  the  9th  P  is  buried 
in  the  ventricular  complex.  The  ventricular  rhythm  is  obviously  wholly  inde- 
pendent. 

The  auricular  rate  dropped  from  100  to  about  26  per  minute  during  the  time  of 
block.  Ventricular  complexes  only  are  visible  throughout  the  electrocardio- 
graphic records  of  the  5th  and  6th  minutes  after  respirations  ceased.  These  are 
at  a  low  but  fairly  regular  rate,  about  12  per  minute  at  first  but  6  per  minute  in 
the  tracing  which  closes  our  record,  figure  33. 

The  disturbances  following  the  stopping  of  respiration  can  in  this  case  all  be 
attributed  to  vagospasm.    They  disappear  on  cutting  both  vagus  nerves.    The 
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sequential  rhythm  that  returns  is  perfectly  comparable  to  that  of  experiments  in 
which  the  vagus  nerves  were  cut  before  anoxemial  asphyxiation  began.  In  this 
expieriment  when  the  heart  itself  became  asphyxiated  sequential  beats  were  sud- 
denly stopped  by  block.  The  auricle  continued  in  regular  rhythm  through  many 
seconds  until  finally  the  auricular  complex  became  too  faint  to  be  distinguished. 
In  the  mean  time  independent  ventricular  complexes  at  long  but  comparatively 
regular  intervals  appeared  and  persisted  to  the  end  of  our  record.  The  appear- 
ance of  augmented  T  waves  with  the  onset  of  the  period  of  slowing  of  the  heart 
from  cardiac  tissue  anoxemia  was  typical  of  the  course  of  other  experiments. 

Insufflation  used  late  in  the  test  when  blood  pressure  was  low  but  while  normal 
electrocardiograms  were  running  was  unsuccessful  toward  reviving  the  animal, 
in  fact  had  no  observable  effects. 

Protocol,  Exper.  41,  Dog  19,  Wt.  19  K.,  Chloretone  0.3  gram  per  K.,  air  allow- 
ance 4  liters,  oxygen  reduced  to  1.8  per  cent,  electrocardiograms,  blood  pressure, 
vagi  cut  at  the  crisis. 

Respirations  comparatively  regular  for  6  minutes  then  rapid  and  irregular  to 
7  minutes,  increasing  rate  and  amplitude  to  9  minutes,  decreasing  amplitude  9 
to  11  minutes,  decreasing  rate  10  to  11  minutes.  Respirations  cease  at  11  minutes. 
For  the  first  6  minutes  deeper  individual  inspirations  occur  about  every  6th  respi- 

Plate  IV,  Experiment  40. 

Fig.  25.    Normal  electrocardiograms,  showing  negative  T  waves. 

Fig.  26.    Seven  minutes,  30  seconds,  from  the  beginning  of  the  anoxemial  test. 

Fig.  27.  Eight  minutes,  55  seconds,  from  the  beginning  of  anoxemia.  End  of 
respirations.    T  wave  became  positive  at  8  minutes. 

Fig.  28.  Nine  minutes,  30  seconds.  Periodic  inhibitory  displacement  of  the 
rhythmic  center  in  the  descending  direction,  each  period  ending  in  apparent 
block  but  probably  buried  P  waves. 

Fig.  29.  The  left  vagus  was  cut  at  the  mark  L,  V,  cut,  9  minutes,  50  seconds. 
In  the  third  complex  the  P  is  inverted  and  conduction  is  retrogressive.  From  this 
point  through  the  interval  before  the  cutting  of  the  second  vagus  the  P  wave  was 
always  inverted,  conduction  was  reversed  and  occasionally  there  was  reversed 
block. 

Fig.  30.  At  10  minutes,  35  seconds,  the  second  or  right  vagus  was  cut  some- 
where between  the  points  marked,  probably  at  the  second  arrow.  After  a  few 
beats  normal  sequential  rhythm  was  rapidly  reestablished,  the  rate  increasing 
through  the  first  10  or  15  contractions  following  the  second  arrow. 

Fig.  31.  At  12  minutes,  50  seconds,  or  2  minutes,  15  seconds  after  both  vagi 
were  sectioned,  complete  anoxemial  block  appeared.  The  auricle  continued  to 
beat  in  regular  rhythm  from  the  S-A  center  but  the  ventricle  ceased  beating. 
After  a  long  interval  occasional  independent  ventricular  complexes  appeared 
with  increasing  frequency. 

Fig.  32.  Thirteen  minutes,  50  seconds.  The  ventricle  now  contracted  at  the 
rate  of  14  to  15  per  minute.  The  auricular  rate  was  about  90.  One  minute  later 
the  auricular  complexes  were  too  weak  to  record. 

Fig.  33.  The  last  recorded  ventricular  complex,  17  minutes,  40  seconds,  after 
respirations  ceased. 


Digitized  by 


Google 


190  CHAS.  W.   GREENE  AND  N.   C.   GILBERT 

ration,  from  6  to  8  minutes  fewer  deep  inspirations^  from  8  to  10  minutes  more 
frequent  deep  gasps  that  become  very  marked  near  the  end  at  11  minutes. 

The  blood  pressure  was  very  uniform  and  even,  one  of  the  most  regular  records 
of  the  series.  After  5  minutes  it  slowly  and  progressively  increased  to  a  maxi- 
mum at  10  minutes,  25  seconds.  The  maximimi  pressure  came  about  40 seconds 
before  respirations  stopped  but  after  a  decrease  in  the  use  of  oxygen  was  apparent. 
The  blood  pressure  fell  very  slightly  through  40  seconds,  then  somewhat  more 
rapidly  until  the  vagus  nerves  were  cut  (see  fig.  24).  Later  the  pressure  fell 
promptly  to  the  level  shown  in  the  figure.  The  events  are  figured  through  only 
4  minutes  after  respirations  stopped. 

The  heart  rate  began  at  109  per  minute.  In  the  5th  minute  it  had  increased 
to  118, 121  in  the  8th,  156  in  the  10th,  and  161  at  10  minutes,  15  seconds.  The  rate 
rapidly  fell  then  to  145  and  finally  44  when  the  right  vagus  was  cut.  There  were 
no  changes  in  heart  rate  between  the  cutting  of  the  right  and  left  vagi.  When  the 
second  or  left  vagus  was  cut  the  rate  immediately  increased  to  a  maximum  of  185, 
then  decreased  through  the  rates  shown  in  the  figure  to  64  at  14  minutes,  40 
seconds,  after  which  the  manometer  no  longer  recorded,  though  the  electrocardio- 
graph recorded  complexes  for  30  seconds  more,  when  the  heart  stopped  completely 
as  shown  in  plate  V,  figure  42. 

When  the  second  vagus  was  cut  the  blood  pressure  immediately  increased,  then 
dropped  again  in  5  seconds,  figure  34.  This  was  followed  by  a  slight  second  rise 
in  pressure,  then  a  progressive  decline  through  2  minutes,  25  seconds,  when  the 
heart  beats  were  no  longer  visible  on  the  manometric  record.  The  heart  rates 
through  this  period  were  as  follows:  15  seconds  before  the  vagus  was  cut  11  beats, 
and  by  15H3econd  periods  after  cutting,  44,  40,  40,  40,  36,  30,  24  and  20  on  the  9th 
period  but  for  the  10th  not  visible. 

The  continuous  electrocardiographic  tracing,  beginning  at  8  minutes,  45 
seconds,  shows  beside  the  cardiac  complexes  certain  gross  waves  corresponding 
to  the  respiratory  rhythm.  Periodically  these  waves  are  larger  and  check  with 
the  recorded  deep  sighing  inspirations  shown  in  the  respiratory  record.  They 
aid  in  marking  the  end  of  active  respirations  in  the  rapidly  moving  electrocar- 
diographic film. 

The  normal  electrocardiograms  show  the  following  type :  the  rate  is  relatively 
high,  109  per  minute.  The  P  wave  is  positive  and  sharply  defined,  the  P-R  inter- 
vals average  0.14  second.  The  ventricular  complex  begins  with  a  sharp  abrupt 
R  wave  of  short  duration  and  large  amplitude.  There  is  only  a  slight  S  wave. 
The  T  is  diphasic,  with  a  sharp  negative  deflection  which  ends  in  an  abrupt 
positive,  the  two  of  about  equal  amplitude.  The  duration  of  the  R-T  interval  ia 
0.24  second. 

At  8  minutes,  45  seconds,  the  rate  had  increased  to  150  with  a  shortening  of  the 
P-R  interval  to  0.112  second.  At  9  minutes,  30  seconds,  the  rate  was  156,  P-R 
time  0.110  second.  The  R  had  increased  in  amplitude  to  20  mm.  against  the 
normal  of  17.  The  heart  rate  reached  its  maximum  of  161  at  10  minutes,  P-R 
0.096  second,  R-T  0.21  second. 

At  10  minutes,  30  seconds,  the  heart  rate  was  159.  P-R  now  0.088  second,  the 
shortest  conduction  interval  shown  in  the  tracing.  The  T  wave  was  no  longer 
diphasic  but  terminated  in  a  sharp  positive  of  5  mm.  From  this  point  on  until 
respirations  stopped  the  T  wave  gradually  and  progressively  increased  in  ampli- 
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Plate  V,  Experiment  41. 

Fig.  35.    Normal  electrocardiograms.    The  usual  diphasic  T  wave. 

Fig.  36.    Time,  10  minutes,  5  seconds,  from  the  beginning.    The  large  waves  are  due  to  the  influe 

Fig.  37.    Time,  10  minutes,  50  seconds.    The  T  wave  still  further  increased.    The  extrinsic  currei 

Fig.  38.    Time,  11  minutes,  10  seconds.    Already  the  inhibitory  slowing  of  the  heart   is  rapidly 

Fig.  39.    Time,  11  minutes,  30  seconds.    The  right  vagus  cut  at  the  point  marked.    The  first  fiv 

node.    In  the  sixth  the  P  coincides  with  the  T  but  falls  later  in  the  seventh,  and  conduction  is  revers 

5  sequential  beats  immediately  recur,  followed  by  5  groups  of  2-1  block,  the  last  showing  at  the  be 

Fig.  40.    Time,  11  minutes,  50  seconds,  at  the  point  marked.    The  2-1  rhythm  at  the  beginning  of 

interpret  as  arising  in  the  A-V  node  as  do  the  successive  complexes  in  the  remainder  of  this  figure  and 

Fig.  41.    Time,  12  minutes.    The  left  vagus  was  cut  at  the  point  marked.  Before  the  vagus  was  ci 

diately  on  cutting  the  left  vagus,  the  second,  the  heart  began  sequential  beats  at  a  rapid  rate  and  wit 

Fig.  42.    Fifteen  minutes,  10  seconds.    This  figure  illustrates  the  last  12  complexes  in  the  con( 

change  in  the  P-R  and  R-T  intervals  at  the  last,  the  R  waves  progressively  decrease  and  the  S  iD( 

Compare  figures  6  and  33  in  which  auricular  complexes  persist  after  conduction  is  blocked  by  direct 


f  reapiratory  movements.    The  T  wave  now  positive. 

«  associated  with  the  last  respiratory  gasp. 

^hing.    The  electrocardiogprams  are  remarkably  uniform  in  tsrpe. 

plexes  are  sequential.    In  the  sixth  and  seventh  the  rhythm  arises  in  the  A-V 

both  complexes.    When  the  right  vagus  was  cut  at  the  point  marked  R-V  cut, 

^  of  figure  40. 

^sure  quickly  passes  to  a  complete  block.    The  third  ventricular  complex  we 

ure41. 

h  auricular  and  ventricular  complexes  were  present  but  independent.    Imme- 

intervals  shortening  down  for  the  first  few  complexes. 

s  series  of  400  following  cutting  of  the  left  vagus.    There  is  no  appreciable  /^-^  t 

J  from  the  types  in  figure  41  to  these  shown  here,  and  the  T  waves  augment.        Digitized  by  VjOOQIC 

yxiation. 
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tude  to  a  maximum  of  11  mm.  at  11  minutes,  20  seconds,  4  or  5  seconds  after 
the  stopping  of  respiration.  Beginning  at  11  minutes,  the  rates  computed  from 
lOnsecond  intervals  are  145,  109  and  44.  These  changes  in  rate  are  accompanied 
by  an  increase  in  the  conduction  time  as  shown  by  the  longer  P-R  intervals.  The 
R  wave  decreased  in  amplitude  through  19,  18  and  15  mm.,  respectively.  During 
the  30  seconds  of  progressive  slowing  of  rate  the  blood  pressure  fell.  There  was 
a  corresponding  increase  in  the  pulse  amplitude. 

The  first  or  right  vagus  nerve  was  cut  at  the  point  marked  in  figure  39,  plate  V, 
11  minutes,  35  seconds.  There  were  five  slow  swinging  pulses  just  before  the 
nerve  was  cut.  Inhibition  increased  until  the  S-A  rhythm  gave  place  to  an  A-V 
rhythm,  as  shown  in  the  last  three  complexes  before  the  right  vagus  was  cut. 
The  last  complex  shows  reversed  sequence,  the  auricle  contracting  in  response  to 
A-V  rhythm  as  in  the  human  (2)  (fig.  9,  plate  I).    When  the  first  or  right  vagus  was 


Plate  VI,  figure  43.  Electrocardiogram  showing  the  displacement  of  the 
pacemaker  to  the  left  bimdle  branch  in  a  dog  imder  the  influence  of  morphine. 
This  experiment  was  obtained  by  Dr.  Frank  N.  Wilson  and  Dr.  George  R.  Her- 
mann, by  whose  kind  permission  it  is  here  reproduced.  The  three  conventional 
leads  are  shown. 

cut  there  was  temporary  release  from  inhibition  to  a  faster  rate  and  normal 
sequential  beat.  After  two  beats  a  2-1  rhythm  returned  for  five  or  six  groups 
before  complete  block  occurred. 

The  ventricular  rhythm  during  the  vagospasm  was  very  regular,  rate  44. 
The  auricular  rate  was  absolutely  irregular.  The  P  wave  was  positive  throughout 
but  the  P-P  intervals  have  no  regularity  and  cannot  be  lined  with  the  ventricular 
complexes  during  this  time.  The  intact  left  vagus  does  not  inhibit  the  S-A 
nodal  rhythm  but  it  does  block  conduction. 

On  cutting  the  second  or  left  vagus  at  12  minutes,  10  seconds,  the  normal 
sequential  type  of  electrocardiograms  immediately  returned,  figure  41,  plate  V. 
The  return  rate  was  greatly  augmented  during  the  first  few  beats.    This  was 
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without  change  in  the  P-R  and  R-T  intervals  but  with  a  tremendous  increase 
in  the  amplitude  of  the  T  wave. 

Sequential  beats  after  sectioning  the  second  vagus  ran  a  continuous  series  for 
400  consecutive  beats  before  rhythm  suddenly  ceased  as  shown  in  plate  V,  figure 
42.  During  this  series  the  rate  progressively  decreased.  The  electrocardio- 
grams were  remarkably  regular  and  uniform  in  character.  However  one  striking 
phenomenon  recurred  here,  namely,  the  augmentation  of  the  T  wave  as  direct 
cardiac  anoxemia  advanced.  This  phenomenon  begins  in  this  test  early,  by  the 
reversal  of  the  normal  initial  negative  T.  The  amplitude  rapidly  increased  at 
about  the  time  respirations  stopped.  The  T  wave  took  on  the  tall  t3rpe  charac- 
teristic of  A-V  nodal  rhythm  during  the  vagospasm.  When  the  second  nerve 
was  cut  the  T  waves  were  at  once  almost  as  tall  as  the  R  waves  and  became  taller 
to  the  end  while  the  R  waves  progressively  decreased. 
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INFLUENCE   OF   BLOOD   SERUM   ON  THE    COAGULATIVE 
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While  attempting  to  develop  an  anti-serum  for  tissue  fibrinogen 
(thromboplastin)  and  for  our  tissue  anticoagulant  (protein  fraction 
of  tissue  fibrinogen)  we  happened  on  the  unexpected  discovery  that 
normal  rabbit  serum  possesses  in  a  very  marked  degree  the  property 
of  rendering  more  intense  the  coagulative  action  of  tissue  extracts. 
This  increase  (being  as  high  as  about  thirty-fold  in  one  case)  was  only 
temporary,  later  giving  way  to  a  decrease  in  coagulative  activity,  but 
was  so  striking  while  it  lasted  that  it  led  us  to  wonder  whether  it  might 
not  be  of  considerable  interest  in  regard  to  the  intravenous  injections 
of  supposedly  non-toxic  substances. 

There  has  been  considerable  dispute  in  the  past  as  to  the  action  of 
serimi  on  organ  extracts,  some  claiming  a  detoxicating  action  and 
others  an  increase  in  toxicity.  Leo  Loeb  (1)  in  1905  reported  experi- 
ments showing  serum  to  possess  the  power  of  reducing  the  coagulative 
activity  of  tissue  extracts.  He '  found  that  previously  heating  the 
serum  to  56°C.  or  80°C.  destroyed  this  action.  Freund  (2)  in  1909 
showed  that  the  toxicity  of  placental  press  fluid  was  destroyed  by 
digesting  with  human  serum  at  37°C.  for  one  hour.  That  is,  a  toxic 
dose  for  a  rabbit  intravenously  became  non-toxic  after  such  digestion. 
Dold  (3)  made  a  similar  observation  in  regard  to  saline  extracts  of 
various  organs.  He  found  that,  while  digestion  for  one  hour  at  37°C. 
with  fresh  homologous  serum  detoxicated  organ  extracts,  digestion  for 
a  similar  period  with  serum  heated  to  60°C.  for  one  hour  was  without 
influence  on  the  toxicity  of  the  extracts.  A  number  of  investigators 
(4),  (5),  (6),  (7),  (8),  (9),  (10)  reported  findings  similar  to  those  of  Dold. 
Gley  noted  that  digestion  with  serum  for  only  30  minutes  reduced  the 

Note:  This  work  was  supported  in  part  by  financial  aid  from  the  Hygienic 
Laboratory  of  the  U.  S.  Public  Health  Service,  and  the  Metropolitan  Life  Insur- 
ance Company  of  New  York. 
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toxicity  only  slightly,  while  digestion  for  one  hour  reduced  it  maxkedly. 
Roger  found  that  the  entire  toxicity  was  present  immediately  after 
mixing  and  that  detoxication  occurred  only  after  keeping  the  mixture 
at  38°C.  for  one  hour.  Giafami  reduced  the  toxicity  of  placental 
extracts  for  rabbits  by  digestion  with  serum,  especially  serum  of  preg- 
nant women.  Fetal  serum  and  horse  serum  he  found  to  be  much  less 
efficacious.  Schenck  also  worked  with  placental  press  fluid  and 
obtained  detoxication  even  by  15  to  30  minutes'  digestion  with  normal 
serum. 

There  have  been  foimd  results  contrary  to  those  mentioned  above, 
however;  Ascoli  and  Izar  (11)  contended  that  non-toxic  doses  of  organ 
extracts  could  be  rendered  toxic  by  digestion  with  serum  for  30  minutes 
at  37°C.  and  then  keeping  for  12  hoiu«  at  room  temperature.  Heat- 
ing the  serum  to  56°C.  for  30  minutes  previously  they  foimd  to 
prevent  this  development  of  increased  toxicity,  as  did  also  Berkefeld 
filtration  of  the  tissue  extract.  Dold  and  Ogata  (12)  in  repeating 
their  previous  work  were  imable  to  agree  with  AscoU  and  Izar,  but 
adhered  to  Dold's  previous  findings.  Cesa-Bianchi  (13)  was  also  imable 
to  decrease  the  toxicity  of  organ  extracts  by  serum  digestion  or  other 
biological  procedures.  He  also  foimd,  instead,  a  slight  increase  in  tox- 
icity when  digesting  with  heterologous  serum. 

From  a  study  of  our  results  set  forth  in  the  following  pages  it  will 
be  apparent  why  different  findings  may  be  had,  the  effect  of  sermn 
depending  greatly  on  the  time  elapsing  before  testing  the  mixtiu-e. 
Loeb  also  stated  that  the  effect  of  the  senmi  was  a  function  of  the  time 
and  temperature,  but  he  found  only  a  detoxicating  action  with  no  tend- 
ency toward  increased  toxicity  at  the  start. 

Experimental.  The  determination  of  the  coagulative  activity  of  the 
extracts  was  made  in  all  cases  by  use  of  citrated  horse  plasma.  Horse 
blood  was  drawn  into  vessels  containing  sufficient  potassium  citrate 
to  make  a  final  concentration  of  0.5  per  cent,  the  corpuscles  allowed  to 
sediment  in  an  ice  box  and  the  clear  plasma  drawn  off.  Tissue  extracts 
used  were  made  by  grinding  the  fresh  tissue  (lung)  with  0.9  per  cent 
NaCl  solution  for  5  to  10  minutes,  filtering  through  several  layers  of 
cheese  cloth  and  sedimenting  over  night  at  3°C.  No  definite  propor- 
tions of  tissue  and  saline  solution  were  adhered  to,  so  that  the  initial 
activity  of  extracts  varied  considerably.  Usually  the  extracts  were 
approximately  saturated  with  the  soluble  tissue  materials,  that  is, 
they  contained  about  2  per  cent  of  coagulable  proteins,  four-fifths 
of  which  was  tissue  fibrinogen. 
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The  samples  of  rabbit  serum  tested  were  obtained  by  drawing  the  blood 
directly  from  the  rabbit's  heart  without  the  use  of  anesthetic,  and, 
after  clotting,  permitting  separation  of  the  serum  by  standing  over 
night  in  an  ice  box  at  about  3°C.  The  tests  recorded  in  table  1  were 
carried  out  within  3  days  after  bleeding  the  animals. 

In  making  the  coagulation  tests  the  normal  clotting  time  for  the 
dtrated  horse  plasma  was  taken  as  the  time  when  1  cc.  of  it  would  clot 
at  41°C.  after  adding  the  optimum  amount  of  CaCU,  which  was  0.3 
cc.  of  a  0.1  per  cent  solution.  In  testing  the  thromboplastic  action  of 
lung  extract  or  serum,  0.1  cc.  was  added  to  the  citrated  plasma  and  the 
mixture  brought  to  41®C.  before  adding  the  CaCla.  Clotting  time  was 
always  measured  from  the  time  of  adding  the  CaCla  and  agitating. 
In  testing  the  lung  extract  and  serum  mixtures,  equal  amoimts  of  the 
two  were  mixed,  shaken  well  by  hand  and  placed  in  the  water  bath  in 
which  the  coagulation  tests  were  being  conducted.  At  intervals,  as 
noted  in  table  1,  0.2  cc.  of  the  mixture  was  added  to  the  citrated  plasma, 
followed  by  the  proper  amount  of  CaCU  and  the  clotting  time  taken. 
The  amoimt  of  the  mixture  used  for  the  test  (0.2  cc.)  was  so  taken  in 
order  to  have  present  the  same  amounts  of  lung  extract  and  serum  as 
were  used  in  the  controls.  The  principle  used  in  testing  the  anticoagu- 
lantHserum  mixtures  was  identical  with  that  just  described  for  the 
lung  extract-ser\im  mixtures. 

Table  1  shows  the  typical  action  of  rabbit  serum  on  rabbit  limg 
extract. 

Rabbit  1  was  a  normal  rabbit  from  whose  heart  were  drawn  20  cc.  of  blood  for 
obtaining  iu>rmal  serum. 

Rabbit  2  had  received  two  intravenous  injections  of  tissue  anticoagulant  of  6 
cc.  each  at  6-day  intervals,  and  then  ten  1  cc.  injections  at  1  day  intervals, 
the  blood  sample  for  serum  bein|^  taken  5  days  following  the  last  injection.  We 
were  trying  for  a  senun  here  that  would  destroy  either  the  anticoagulant  or 
active  coagulant.  It  is  seen  to  act  just  the  same  as  serum  from  the  normal  con- 
trol. 

Rabbit  S  received  twelve  1  cc.  injections  of  this  same  anticoagidant  solution 
at  intervals  of  24  hours,  a  blood  sample  being  drawn  2  days  after  the  last  injec- 
tion. This  sample  of  serum  is  labelled  (3i).  Ten  further  daily  injections  of  1 
cc.  were  given,  followed  in  5  days  by  the  drawing  of  a  second  blood  sample  (3}). 

Rabbit  4  received  the  same  series  of  injections  as  did  rabbit  3,  but  a  blood 
sample  was  drawn  only  at  the  end  of  the  series,  comparable  to  sample  (3s). 

Rabbit  6  received  two  6  cc.  injections  of  anticoagulant  at  6-day  intervals,  and 
was  bled  10  days.after  the  second  injection. 

A  study  of  the  results  recorded  in  table  1  will  show  a  variety  of  in- 
teresting facts.    Firstf  in  each  case  except  one  (the  last  one  recorded) 
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the  rabbit  serum  alone  showed  a  thnHnboplastic  action  on  the  clotting 
of  citrated  horse  plasma  by  calcium.  Thus  clotting  times  of  1  minute  4 
seconds,  1  minute  55  seconds,  1  minute  25  seconds  and  1  minute  15  seconds 
were  obtained  as  contrasted  with  the  normal  time  of  2  minutes  55  seconds* 
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0.1  (5) 

10' 

11' 

12' 
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The  serum  of  rabbit  5,  on  the  other  hand,  was  slightly  antithrombic  the 
clotting  time  being  4  minutes  5  seconds,  or  1  minute  10  seconds  beyond 
the  normal  control.  Second ,  each  of  these  sera  was  capable  of  very 
markedly  increasing  the  activity  of  the  lung  extract,  Sermn  5,  which 
alone  was  slightly  antithrombic,  exhibiting  this  activating  power  to 
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a  less  degree  than  the  rest.  The  very  marked  increase  in  thromboplas- 
tic  power  of  the  lung  extract  becomes  even  more  striking  when  we 
take  into  consideration  the  slight  effect  that  dilution  has  on  this  power. 
Thus  in  a  previous  paper  (14)  Mills  has  shown  that  in  diluting  lung 
extract  with  0.9  per  cent  NaCl  solution,  as  the  concentration  of  the 
active  material  is  reduced  from  1  to  J,  i,  J,  i^,  ^,  ^4,  etc.,  the  coagu- 
lative  efficiency  decreases  as  represented  by  coagulation  times  of  10 
seconds,  12  seconds,  14  seconds,  17  seconds,  20  seconds,  25  seconds, 
30  seconds,  etc.  Therefore,  we  see  that  an  increase  of  activity  by  the 
serum  causing  the  lung  extract  to  bring  on  coagulation  in<  10  seconds 
instead  of  17  seconds  means  an  eight-fold  increase  in  activity  while  a 
clotting  time  of  8  seconds  would  mean  at  least  a  sixteen-fold  increase, 
and  down  to  4  seconds  would  mean  more  than  a  thirty-fold  increase 
in  the  coagulative  activity  of  the  lung  extract.  .  This  tremendous 
activation  occurs  very  quickly,  for  it  is  in  evidence  even  after  only 
about  20  seconds  of  shaking  the  serum  and  lung  extract  together,  even 
without  incubation.  It  is  possibly  just  this  property  of  rabbit  blood 
that  accounts  for  the  very  great  ease  with  which  intravascular  clotting 
may  be  induced  in  rabbits. 

The  third  point  of  interest  in  table  1  lies  in  the  results  showing  the 
influence  of  these  sera  upon  our  anticoagulant.  The  anticoagulant 
used  here  was  a  0.9  per  cent  NaCl  extract  of  horse  lung  which  had  been 
previously  dried  at  room  temperature  and  thoroughly  extracted  with 
benzene,  also  at  room  temperature.  Such  an  extract  is  here  seen  to 
have  lengthened  the  clotting  time  of  the  horse  plasma  from  2  minutes 
55  seconds  up  to  10  minutes  46  seconds  when  used  in  the  ratio  of  0.1 
cc.  for  1  cc.  of  plasma.  The  influence  of  rabbit  serum  on  this  anticoag- 
ulant solution  is  seen  to  be  an  immediate  neutralization,  the  entire 
antithrombic  action  being  lost  while  a  part  of  the  thromboplastic 
action  of  the  serum  is  also  destroyed.  The  notable  exception  to  this 
was  serum  5,  which  itself  was  sUghtly  antithrombic.  Here  there 
was  very  slight  reduction  in  the  anticoagulative  action  of  the  extract. 
In  no  case  was  there  evident  an  increase  in  antithrombic  activity  from 
the  action  of  the  serum,  similar  to  the  activation  of  the  lung  extract 
previously  noted.  There  was  noticed  with  ser\im  2  and  serum  4  a 
slight  tendency  toward  increased  thromboplastic  activity  as  the  serum 
and  anticoagulant  were  incubated  together. 

We  see,  then,  that  rabbit  serum  may  very  markedly  increase  the  coagu- 
lative activity  of  lung  extract  (the  increase  being  as  high  as  perhaps 
thirty-fold)  although  the  serum  itself  possesses  only  about  one-hundredth 
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the  thromboplastic  activity  of  the-  original  lung  extract.  It  is  very 
evident  that  the  increased  activity  is  not  due  merely  to  an  addition  of 
the  effects  of  the  two  separately,  for  serum  5,  possessing  no  thrombo- 
plastic action  whatever,  still  causes  an  eight-fold  increase  in  the  activity 
of  the  lung  extract.  As  yet  we  have  no  evidence  as  to  the  nature  of 
this  activation. 

As  a  natural  sequence  to  our  findings  in  regard  to  this  remarkable 
property  of  rabbit  serum,  we  next  examined  human  serum  to  see  if  it 
possessed  this  same  property  and  to  the  same  degree.  Blood  samples 
were  obtained  from  two  apparently  normal  individuals,  and,  after 
standing  over  night  in  the  ice  box,  the  serum  was  drawn  oflF  and  tested. 
The  results  are  shown  in  table  2. 

Here  again  is  noted  the  same  serum  effect,  only  to  a  milder  degree 

than  that  obtained  with  rabbit  serimi.    The  increase  in  coagulative 

activity  here  is  approximately  four-fold.    The  later  inhibitory  phase  of 

the  serum  action  is  slight  in  these  cases  and  is  later  in  developing  than 

•with  the  rabbit  serimi. 

Hirschfeld  and  Klinger  (15)  in  1914  reported  a  coagulation  reaction 
which  they  thought  to  be  specific  of  syphilitic  serum.  Frankel  and 
Thiele  (16)  obtained  similar  results.  The  basis  of  their  test  depended 
on  the  inactivation  of  tissue  extracts  by  syphilitic  serum,  the  extracts 
losing  their  ability  to  quicken  the  clotting  time  of  mixtures  of  normal 
serum  and  citrated  plasma.  In  order  to  see  if  syphilitic  serum  would 
differ  from  normal  serum  by  our  method  of  testing,  four  samples  of 
human  serum  showing  4  +  Wassermann  reactions  were  tested  for  their 
influence  on  lung  extract,  with  results  as  set  forth  in  table  3. 

We  see  here  that  syphilitic  serum  reacts  in  all  ways  similar  to  nor- 
mal human  serum,  and  does  not  possess  any  marked  power  to  destroy 
the  coagulative  activity  of  tissue  extracts. 

DISCUSSION 

We  have  no  theory  at  present  to  offer  in  explaining  the  remarkable 
property  of  rabbit  serum  (and  to  a  less  degree,  human  serum  also) 
described  in  the  preceding  pages.  We  are  offering  our  findings  at  the 
present  time  for  the  sake  of  any  practical  value  they  may  have  in  their 
bearing  on  the  question  of  intravenous  injections  of  protein  solutions 
in  general,  and  especially  organ  extracts  and  serum. 

There  is  a  possibility  that  many  cases  of  sudden  reaction  following 
serum  injections  have  been  caused  by  the  presence  of  small  amounts  of 
tissue  fibrinogen  (thromboplastin)  in  the  serum,  the  blood  of  the  pa- 
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tient  serving  to  activate  the  coagulant  to  such  a  degree  as  to  make  it 
effective.  It  takes  relatively  a  much  smaller  amount  of  tissue  extract 
to  produce  almost  instantaneous  intravascular  clotting  in  rabbits  than 
it  does  to  produce  maximal  acceleration  of  the  clotting  of  the  same 
quantity  of  blood  in  vitro.  Thus  0.03  cc.  of  a  saturated  lung  extract 
injected  intravenously  into  a  rabbit  causes  clotting  in  15  to  20  seconds, 
but  to  clot  50  to  75  cc.  of  citrated  plasma  in  vitro  at  37°C.  with  this 
speed  at  least  1  cc.  of  the  same  extract  would  be  required. 

In  observing  the  influence  of  time  on  the  action  of  the  serum,  we 
see  a  very  possible  reason  for  the  conflicting  reports  of  past  investi- 
gators. Many  had  noticed  that  the  primary  toxicity  of  tissue  extracts 
remained  for  30  minutes  after  mixing  with  the  serum,  but  was  decreased 
after  1  hour.    We  see  that  this  agrees  well  with  several  of  our  findings. 

No  one,  however,  had  noted  the  enormous  increase  in  activity  im- 
mediately after  mixing,  and  it  is  just  this  phase  of  the  matter  thslt  is  of 
greatest  importance  in  practical  medicine. 

SUMMARY    OF   RESULTS 

1.  Rabbit  serum  has  been  foimd  to  be  capable  of  causing  as  high  as 
a  thirty-fold  increase  in  the  coagulative  activity  of  limg  extract.  This 
effect  is  gradually  replaced  by  a  diminution  in  the  activity  of  the 
extract  below  the  original  as  the  mixture  is  left  standing. 

2.  Normal  human  serum  possesses  this  same  power,  but  to  a  less 
degree,  both  as  regards  the  primary  activation  and  the  later  inactiva- 
tion.  *  Syphilitic  serum  acts  exactly  as  does  the  normal  serum. 

3.  The  practical  importance  of  this  activation  of  tissue  extracts 
lies  in  its  relation  to  the  intravenous  injection  of  protein  solutions, 
such  as  organ  extracts  or  blood  serum,  which  may  be  harmless  alone 
but  may  be  activated  sufficiently  by  the  patient's  blood  to  become 
exceedingly  toxic. 
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As  stated  in  the  introduction  to  the  first  report  of  this  series  (1) 
our  knowledge  of  the  afferent  nervous  mechanism  of  the  viscera  is 
still  very  incomplete.  It  has  not  been  established  whether  stimula- 
tion of  one  visceral  organ  will  continue  to  elicit  the  usual  reflex  re- 
sponse in  another  organ,  if  the  afferent  connection  of  the  latter  with  its 
center  has  been  interrupted.  This  research  was  an  attempt  to  pro- 
duce such  a  condition  artificially.  The  lung  was  chosen  as  a  typical 
viscus  because  complete  data  on  the  physiology  of  the  pulmonary  vagus 
in  the  frog  and  the  turtle  were  collected  recently  by  Carlson  and  Luck- 
hardt  (1),  (4). 

It  might  be  well  to  recapitulate  briefly  the  results  obtained  by  these 
investigators  insofar  as  they  have  a  bearing  on  the  present  problem.  In 
the  frog  the  pulmonary  vagus  carries  bofch  motor  and  inhibitory  fibers, 
the  latter  predominating  and  exerting  a  constant  tonic  action  on  the 
musculature  of  the  lung.  As  long  as  the  vagi  are  intact  the  lungs  are 
kept  dilated  by  the  inhibitory  impulses  coming  from  the  medulla. 
Destruction  of  the  medulla  or  cutting  the  vagi  causes  a  more  or  less 
permanent  hypertonus  of  the  lungs.  Stimulation  of  the  peripheral 
end  of  the  cut  vagus  inhibits  the  lung  hypertonus  during  the  period  of 
stimulation.  In  the  turtle  the  pulmonary  vagus  carries  mainly  motor 
fibers.  There  is  little  evidence  of  any  tonic  activity  on  the  part  of  the 
pulmonary  vagus,  except  that  each  series  of  respiratory  movements  is 
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followed  by  a  contraction  of  the  lungs.  Cutting  the  vagus  produces 
no  change  in  the  lung,  but  the  spontaneous  post-respiratory  contrac- 
tions are  abolished.  Stimulation  of  the  peripheral  end  of  the  cut  vagus 
causes  the  lung  to  contract. 

The  present  report  comprises  the  results  of  experiments  designed  to 
elucidate  the  r61e  of  the  afferent  fibers  of  the  vagus  in  the  reflex  and 
tonic  activity  of  the  amphibian  and  reptilian  lung.  Mechanical  and 
electrical  stimulation  of  the  urinary  bladder  in  the  frog  will  ordinarily 
cause  a  reflex  contraction  of  the  lungs.  The  afferent  pathway  of  the 
reflex  arc  in  this  case  consists  of  the  afferent  fibers  leading  from  the 
bladder  to  the  spinal  cord  and  thence  by  an  intermediate  neuron  to  the 
medulla;  the  efferent  pathway  is  the  pulmonary  vagus.  Is  it  possible 
to  elicit  a  reflex  of  this  nature,  if  no  afferent  impulses  from  the  lungs 
could  get  to  the  medulla?  Also,  is  the  tonic  inhibitory  activity  of  the 
pulmonary  vagus  in  the  frog  dependent  upon  afferent  impulses  reaching 
the  center  from  the  lungs  themselves?  In  the  turtle,  will  the  lung  whose 
afferent  connection  with  the  medulla  has  been  severed  contract  reflexly 
on  the  inflation  of  the  opposite  lung?  Will  the  spontaneous  contrac- 
tions of  the  lung  persist  imder  these  conditions? 

The  greatest  difficulty  in  experiments  of  this  kind  is  in  destroying  or 
paralyzing  the  afferent  nerve  ending,  or  else  cutting  or  blocking  con- 
duction in  the  afferent  nerve  fibers  coming  from  the  lung  without  at  the 
same  time  destroying  the  efferent  pulmonary  fibers  of  the  vagus  which 
would  of  itself  make  it  impossible  for  the  lung  to  contract  reflexly. 
Since  the  efferent  and  afferent  fibers  of  the  vagus  are  intermingled,  it 
is  impossible  to  mechanically  cut  one  set  leaving  the  other  intact. 
Therefore  it  was  thought  best  to  employ  pharmacological  means, 
i.e.,  find  a  drug  which  would  block  the  conduction  in  the  afferent 
nerve  fibers  of  the  mixed  nerve  trunk  or  poison  the  endings  of  the 
afferent  fibers  in  the  organ  itself. 

The  drug  that  suggested  itself  first  was  cocaine.  It  is  widely  em- 
yed  as  a  local  anesthetic,  and  while  it  is  essentially  a  general  pro- 
ilasmic  poison,  it  has  been  shown  to  exert  a  selective  action  attacking 
I  afferent  nerve  endings  first  when  injected  subcutaneoulsy,  and  the 
jrent  nerve  fibers  when  injected  into  a  mixed  nerve  trunk  as  in 
ck  anesthesia.  However,  this  selective  action  on  afferent  nerves 
jlies  only  to  nerves  leading  to  the  skeletal  muscles.  In  nerves  lead- 
to  visceral  structures  this  relationship  seems  to  be  reversed.  In 
dying  the  selective  action  of  cocaine  on  the  fibers  of  the  vagus,  Dixon 
found  that  in  rabbits,  dogs  and  cats,  local  application  of  cocaine  to 
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the  vagus  trunk  blocked  the  passage  of  centrifugal  impulses  before  the 
centripetal.  This  apparent  difference  between  the  "selective"  effects 
on  skeletal  and  visceral  nerves  is  not  due  to  any  peculiarity  of  cocaine 
itself  (which  acts  as  a  general  protoplasmic  poison) ,  but  rather  to  the 
difference  in  structure  of  the  nerve  fibers  themselves.  Thus  in  the 
mammal,  at  least,  it  is  evident  that  in  the  skeletal  nerves  the  centrif- 
ugal, and  in  visceral  nerves  the  centripetal  fibers  are  more  resistant  to 
the  action  of  cocaine. 

Another  interesting  observation  was  made  by  Kast  and  Meltzer  (3). 
These  investigators  found  that  the  sense  of  pain  normally  present 
in  the  visceral  organs  of  dogs  was  completely  abolished  by  subcutaneous 
injection  of  cocaine  such  as  made  by  siu'geons  who  perform  abdominal 
operations  under  local  cocaine  anesthesia.  They  ascribed  this  phe^ 
nomenon  to  the  absorption  of  cocaine  into  the  circulation.  This  would 
indicate  that  the  nerve  endings  of  the  visceral  nerves  are  more  sensitive 
to  cocaine  than  those  of  the  skeletal  nerves. 

Aconitine  was  also  made  use  of.  It  and  its  allies  are  the  only  drugs 
which  when  injected  intravenously  will  poison  the  endings  of  afferent 
nerves.  For  this  reason  it  would  be  especially  useful  for  attempting  to 
reach  the  afferent  nerve  endings  by  way  of  the  circulation. 

Methods:  Frogs,  The  contractions  of  the  lung  of  the  frog  were 
recorded  by  inserting  a  cannula  into  the  tip  of  the  lung,  and  connect- 
ing it  with  a  water  manometer  or  a  sensitive  tambour.  The  animals 
were  always  decerebrated,  and  prepared  according  to  the  method  de- 
veloped by  Carlson  and  Luckhardt  (1).  For  local  application  of 
drugs  each  lung  was  insulated  by  means  of  sheet  rubber  so  that  no 
drug  could  get  to  the  neighboring  viscera.  Drugs  were  injected  in- 
travenously through  a  cannula  inserted  into  the  median  abdominal 
vein.  To  prevent  a  drug  injected  intravenously  from  reaching  one  of 
the  lungs  used  as  a  control  the  pulmonary  artery  on  that  aide  was 
ligated.  In  such  cases  methylene  blue  was  injected  at  the  end  of  the 
experiment,  and  the  absence  of  blue  in  the  corresponding  lung  was 
used  as  a  test  of  the  efficacy  of  the  method.  It  may  be  added  that  as 
a  general  procedure  only  one  vagus  was  used,  the  other  being  ligated 
and  the  limg  on  that  side  allowed  to  go  into  hypertonus.  This  was  an 
indication  that  the  preparation  was  in  good  physiological  condition. 
Under  certain  conditions  the  tonic  inhibitory  activity  of  the  pulmonary 
vagi  seems  to  be  entirely  abolished,  so  that  cutting  these  nerves  or 
destroying  the  medulla  has  no  effect  on  the  lungs  whatever.  A  large 
number  of  control  experiments  was  necessary  for  this  reason. 
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Turtles,  As  a  rule  one  lung  (the  left)  was  isolated  and  used  for 
recording  lung  contractions,  the  other  being  left  in  communication  with 
the  outside,  through  a  tracheal  cannula,  for  the  purposes  of  respiration. 
As  in  the  case  of  the  frog  the  procedure  of  preparing  the  decerebrated 
animal  for  limg  contractions  was  that  of  Carlson  and  Luckhardt  (4). 
The  lung  contractions  were  recorded  by  a  sensitive  tambour  or  by  a 
water  manometer.  For  the  local  application  of  cocaine  both  vagi 
were  isolated  in  the  neck  for  a  length  of  about  2  inches.  A  piece  of 
cotton  about  the  size  of  a  small  pea  was  saturated  with  the  solution  of  the 
drug,  the  middle  portion  of  the  isolated  nerve  was  insulated  with  a 
strip  of  sheet  rubber,  the  cotton  placed  on  the  nerve,  and  the  rubber 
tied  with  a  thread,  tight  enough  to  express  the  solution  on  the  nerve, 
but  not  so  tight  as  to  compress  the  nerve  itself.  The  stimulating  elec- 
trodes were  then  applied  to  the  proximal  or  distal  portion  of  the  nerve, 
in  either  case  about  1  cm.  away  from  the  place  where  the  drug  was 
applied.  For  intravenous  injections  the  external  jugular  vein  was 
cannulated.  In  the  turtle  also  the  presence  of  the  normal  spontaneous 
lung  contractions  depended  on  outside  conditions.  During  the  second 
half  of  June  and  the  very  last  week  of  August  all  turtles  used  showed 
spontaneous  contractions  of  the  lungs  as  soon  as  the  preparations  were 
ready  for  recording.  During  July  and  the  greater  part  of  August  not 
a  single  turtle  could  be  found  to  exhibit  this  phenomenon. 

Experiments  with  cocaine  on  troqb:  IntravenotLs  injections  of  co- 
caine.  Before  any  injection  was  made  the  reflexes  were  tested.  The 
urinary  bladder  and  a  loop  of  the  intestine  were  stimulated  mechani- 
cally or  electrically,  and  a  reflex  response  elicited  from  the  lungs  and  the 
heart.  The  lungs  contracted  and  the  heart  was  slowed  or  stopped 
entirely.  Various  amounts  of  cocaine  were  then  injected  into  the 
median  abdominal  vein,  and  the  reflexes  tested  after  each  injection. 
One-tenth  milligram  cocaine  hydrochloride  in  1  cc.  Ringer's  when  given 
by  vein,  never  had  any  effect  on  the  visceral  reflexes  tested,  but  it  caused 
a  slight  and  fleeting  contraction  of  the  lung.  The  same  result  was 
obtained  with  0.2  mgm.  cocaine  (fig.  1).  The  injection  of  0.5  mgm. 
cocaine  in  0.5  cc.  Ringer's  caused  a  very  marked  contraction  of  the 
limg,  with  a  short-lasting  abolition  of  the  lung  reflexes.  The  effect 
of  these  doses  is  of  very  brief  duration.  The  temporary  failure  to 
elicit  a  reflex  may  be  due  to  the  injury  to  the  center,  the  efferent  or 
or  afferent  terminus  of  the  reflex  arc,  or  to  both.  It  will  be  shown 
presently  that  small  doses  of  cocaine  have  no  effect  on  the  center  in 
the  medulla.    Whether  the  afferent  nerve  endings  in  the  viscera  were 
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poisoned  could  not  be  determined.  Stimulation  of  the  mesentery 
which  contained  nerve  fibers  (never  affected  by  a  poison  in  circulation) 
likewise  failed  to  produce  a  reflex  contraction  of  the  lung.  This  would 
indicate  that  the  efferent  inhibitory  fibers  of  the  vagus  were  tempo- 
rarily paralyzed  or  depressed.  The  contraction  of  the  lung  which 
becomes  more  marked  as  the  dose  of  cocaine  is  increased,  and  eventually 
simulates  the  effect  produced  by  cutting  the  vagus,  confirms  this  sup- 
position. It  may  be  added  that  the  inhibitory  endings  of  the  vagus  in 
the  limg  showed  approximately  the  same  resistance  to  the  action  of 
cocaine  as  the  inhibitory  endings  in  the  heart.  Sometimes  after  the 
injection  of  0.5  mgm.  cocaine  the  heart  reflexes  disappeared  while 
those  of  the  lung  persisted,  and  sometimes  the  opposite  was  true.  The 
injection  of  1  mgm.  cocaine  or  more  abolished  both  the  lung  and  the 
heart  reflexes  invariably,  and  for  a  long  time.  In  either  case  the  effer- 
ent vagus  terminations  were  paralyzed.  In  the  lung  cocaine  produced 
the  characteristic  hypertonus  that  ensues  on  ligation  of  the  vagus. 
That  the  so-called  "escape"  of  the  lung  from  the  inhibitory  control 
of  the  vagus  was  of  purely  peripheral  origin  was  shown  by  the  following 
experiment  (fig.  2).  The  right  pulmonary  artery  was  clamped  off, 
and  the  blood  vessels  in  the  right  lung  gradually  disappeared.  Two 
milligrams  of  cocaine  were  then  injected  intravenously.  The  left 
lung  went  into  a  condition  of  hypertonus,  but  the  right  lung  was  not 
affected,  thus  showing  that  the  center  in  the  medulla  was  not  para- 
lyzed. Ligation  of  the  right  vagus  caused  the  usual  ''escape"  of 
the  right  lung,  confirming  the  fact  that  the  center  continued  to 
send  tonic  inhibitory  impulses  after  the  injection  of  cocaine.  In  the 
meantime  the  effect  of  cocaine  on  the  left  lung  was  be^nning  to  wear 
off,  and  the  lung  was  gradually  dilating.  At  this  point  ligation  of  the 
left  vagus  caused  the  lung  to  contract  again,  but  it  will  be  noticed  this 
contraction  was  of  the  same  magnitude  as  that  caused  by  the  cocaine. 
This  shows  that  the  previous  contraction  was  a  true  "escape"  from 
vagus  inhibition  caused  by  the  paralysis  of  the  inhibitory  endings  of  the 
vagus  in  the  limg. 

Stimulation  of  the  vagus  after  the  intravenous  injection  of  cocaine 
produced  no  relaxation  of  the  contracted  lung,  if  the  induced  ciu-rent  was 
not  very  strong.  With  very  strong  currents  inhibition  of  the  lung  could 
be  obtained  even  after  2  mgm.  cocaine  were  injected.  With  larger 
doses  of  cocaine  (5  to  8  mgm.)  even  the  strongest  current  produced  no 
dilatation  of  the  lung,  nor  slowing  of  the  heart.  This  would  indicate 
that  the  efferent  inhibitory  endings  were  not  actually  paralyzed  by  the 
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smaller  doses  of  cocaine,  but  only  depressed  so  that  the  ordinary  tonic 
inhibitory  impulses  from  the  medulla  could  not  reach  the  lungs  (thus 
producing  hypertonus).  Strong  stimuli,  however,  could  "break 
through"  the  depression,  and  «o  produced  dilatation  of  the  limg. 

Intravenous  injection  of  cocaine  after  the  ligation  of  the  vagi  was 
frequently  without  any  further  effect.  Occasionally  large  doses  of 
cocaine  produced  a  further  contraction,  apparently  by  direct  action  on 
the  peripheral  mechanism. 

In  several  experiments  the  skeletal  reflexes  were  tested  along  with  the 
visceral.  The  central  end  of  the  cut  sciatic  nerve  of  one  leg  was  stimu- 
lated with  a  very  weak  induced  current,  and  it  was  noticed  that  even 
large  amounts  of  cocaine  did  not  abolish  the  contralateral  reflexes. 
If  anything,  the  skeletal  reflex  excitability  was  increased,  a  well-known 
effect  of  cocaine.  Thus,  it  is  evident  that  the  efferent  endings  of  the 
skeletal  nerves  are  much  more  resistant  to  the  action  of  cocaine  than  the 
efferent  endings  of  visceral  nerves. 

Introrarterial  injections  of  cocaine.  It  was  interesting  to  determine  the 
dose  of  cocaine  which  when  injected  intravenously  would  cause  an 
"escape"  of  the  lungs  from  vagus  inhibition  by  paralyzing  the  center  in 
the  medulla.  It  will  be  recalled  that  1  to  2  mgm.  cocaine  produce  this 
effect  by  purely  peripheral  action.  Prior  to  injecting  the  drug  both 
pulmonary  arteries  were  clamped  or  ligated,  to  prevent  the  cocaine 
from  getting  to  the  endings  of  the  vagus  in  the  lungs.  As  larger  amounts 
of  cocaine  were  injected  the  effect  on  the  heart  interfered  with  the 
experiments.  The  heart  would  stop,  and  the  drug  would  get  to  the 
limgs  by  way  of  the  pulmonary  veins.  Under  these  circumstances  the 
limgs  contracted,  but  this  was  due  to  the  peripheral  effect  of  the  drug, 
and  the  effect  on  the  center,  if  any,  was  masked.  That  this  was  the 
case  was  shown  by  the  fact  that  methylene  blue  injected  intravenously, 
with  the  heart  at  standstill,  found  its  way  to  the  lungs,  in  spite  of  the 
ligation  of  the  pulmonary  arteries. 

It  may  be  pertinent  to  record  some  observations  on  the  action  of 
cocaine  on  the  heart  in  situ.  Small  amounts  (1  to  2  mgm.)  injected 
intravenously  merely  slowed  the  heart  temporarily.  Larger  doses 
or  repeated  injections  of  small  doses  often  produced  complete  arrest 
of  cardiac  action,  the  ventricle  being  enormously  dilated  and  engorged 
with  blood.  In  some  cases  complete  heart  block  was  observed;  this 
gradually  changed  into  6:1  rhythm,  then  to  5:1  rhythm,  and  so  on, 
until  the  heart  recovered  completely.  So  far  as  I  am  aware,  this  effect 
was  never  reported  before.    However,  large  amoimts  of  cocaine  could 
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be  injected  very  slowly  without  causing  the  heart  to  stop  even  tem- 
porarily. Thus  into  one  frog  7  mgm.  cocaine  were  injected,  and 
forty  minutes  later  another  injection  of  7  mgm.  was  made,  without 
causing  the  heart  to  stop.  In  each  case  the  heart  was  slowed  con- 
siderably, and  "  peristaltic"  movements  of  the  ventricle  were  observed. 

This  action  of  cocaine  on  the  heart  made  it  impossible  to  paralyze  the 
vagus  center  by  intravenous  injections.  At  the  suggestion  of  Doctor 
Luckhardt,  the  following  procedure  was  employed  with  success.  Both 
pulmonary  arteries  were  ligated.  A  cannula  was  inserted  into  the 
left  aortic  branch,  the  mouth  of  the  cannula  being  directed  toward  the 
heart.  The  cocaine  injected  through  this  cannula  was  driven  first 
toward  the  heart,  but  at  the  bifurcation  of  the  aorta  it  mixed  with  blood 
and  was  carried  to  the  medulla.  This  could  actually  be  seen  through  the 
walls  of  the  vessels,  and  if  the  injection  was  made  slowly,  no  cocaine 
would  get  into  the  heart.  Apparently  no  excessive  pressure  was 
developed  in  the  aorta,  and  the  effect  on  the  medulla  could  not  have 
been  mechanical. 

By  means  of  this  method  various  amounts  of  cocaine  had  to  be  in- 
jected to  paralyze  the  vagus  center,  the  average  dose  being  5  mgm.  As 
the  drug  was  given  unilaterally  this  dose  corresponds  to  10  mgm. 
cocaine  given  intravenously.  Subsequent  injection  of  methylene  blue 
gradually  caused  the  entire  body  of  the  frog,  the  limgs  excepted,  to  be 
colored  with  the  dye,  thus  confirming  the  fact  that  the  action  was 
central. 

It  will  be  noted  that  a  dose  of  cocaine  sufficient  to  paralyze  the  end- 
ings of  the  vagus  in  the  lungs  will  not  paralyze  the  center  in  the  medulla 
showing  that  the  cells  in  this  case  are  more  resistant  to  the  action  of 
cocaine  circulating  in  the  blood  than  the  axone  terminations.  This 
fact  is  not  in  agreement  with  the  general  conception  regarding  the 
action  of  cocaine.  Thus  Cushny  in  his  Text-book  of  Pharmacology 
(5),  speaking  of  cocaine,  says  that  "if  brought  in  contact  with  other 
forms  of  living  matter  in  the  concentration  used  in  anesthetizing 
nerve  ends,  it  is  poisonous  to  all  structures  which  have  been  examined. 
Even  concentrations  too  low  to  act  on  the  peripheral  nerves  act  on  the 

nerve  cells  and  paralyze  them "  It  must  also  be  remembered 

that  selective  action  of  a  general  protoplasmic  poison  merely  indicates 
a  difference  in  structure  in  the  various  forms  of  protoplasm  acted  upon. 
It  must  be  concluded,  therefore,  that  the  efferent  endings  of  the  visceral 
nerves  differ  greatly  from  the  endings  of  skeletal  nerves  in  their  re- 
sistance to  the  action  of  cocaine.    This  conclusion,  if  correct,  would 
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explain  the  results  obtained  by  Kast  and  Meltzer  (3)  who  found  that 
in  local  cocaine  infiltration  anesthesia  of  the  abdominal  area  pain 
sensations  from  the  viscera  arie  entirely  abolished.  They  held  that 
some  cocaine  was  absorbed  into  the  circulation,  and  that  this  small 
amount  of  cocaine  paralyzed  the  endings  of  the  pain  fibers  in  the  viscera, 
while  it  was  unable  to  produce  general  body  anesthesia.  In  the  light 
of  the  above-mentioned  facts  such  an  explanation  seems  to  be  very 
plausible,  as  it  is  based  on  the  assumption  that  the  visceral  nerve  end- 
ings offer  a  very  low  resistance  to  the  action  of  cocaine. 

Local  application  of  cocaine.  When  0.1  mgm.  cocaine  in  1  cc.  Ringer's 
is  applied  to  the  surface  of  the  frog's  lung,  a  slight  and  transient  con- 
traction is  produced.  With  larger  amounts  of  cocaine  the  contractions 
are  more  marked  and  more  lasting.  One  milligram  cocaine  in  1  cc. 
Ringer's  will  produce  a  maximal  contraction  of  the  lung  (fig.  3).  If  the 
cocaine  is  washed  off  the  lung  will  relax  and  gradually  return  to  its 
original  size.  A  second  application  of  an  equal  amount  of  cocaine  will 
produce  precisely  the  same  effect,  and  this  can  be  repeated  many  times. 
If  the  vagus  is  ligated  shortly  after  the  application  of  cocaine  (fig. 
3)  no  further  contraction  is  produced  showing  that  the  cocaine  paralyzed 
the  nerve  endings  and  that  the  contraction  was  maximal.  Stimulation 
of  the  peripheral  part  of  the  ligated  vagus  will  not  cause  the  lung  to 
relax,  unless  the  current  is  very  strong.  If  the  cocaine  applied  to  the 
lung  is  not  washed  off,  the  limg  will  relax  nevertheless,  but  only  after 
a  considerable  interval  of  time.  This  is  apparently  due  to  the  ab- 
sorption of  the  cocaine  into  the  circulation,  as  in  this  case  a  second 
application  of  cocaine  or  ligation  of  the  corresponding  vagus  will 
produce  a  maximal  contraction  of  the  lung.  To  confirm  the  conclu- 
sion that  local  application  of  cocaine  will  temporarily  depress  or  even 
paralyze  the  efferent  inhibitory  endings  of  the  pulmonary  vagus  use 
was  made  of  the  nicotine  method.  Carlson  and  Luckhardt  (1)  hav^ 
shown  that  after  the  vagus  in  the  frog  was  ligated,  and  the  correspond- 
ing lung  "escaped"  from  its  tonic  inhibitory  control,  the  injection  of 
nicotine  effected  a  marked  dilatation  of  the  lung  by  stimulating  the 
efferent  inhibitory  endings  of  the  pulmonary  vagus.  The  following 
experiment  was  performed.  The  right  vagus  was  ligated  producing 
hypertonus  of  the  right  lung;  2  mgm.  cocaine  (1  cc.)  were  applied  to 
the  left  lung  producing  a  similar  hypertonus,  and  subsequent  ligation 
of  the  left  vagus  had  no  further  effect.  One  milligram  nicotine  in 
1  cc.  Ringer's  was  now  injected  into  the  median  abdominal  vein,  and 
this  produced  an  immediate  inhibition  of  the  right  lung,  the  left  lung 
remaining  unaffected. 
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When  a  2  per  cent  solution  of  cocaine  was  applied  to  the  vagus  di- 
rectly, the  corresponding  lung  contracted  markedly.  Subsequent  liga- 
tion of  the  vagus  produced  no  further  contration  of  the  lung;  nor  did 
stimulation  of  the  vagus  above  the  point  of  application  of  the  drug 
cause  inhibition  of  the  lung,  unless  the  current  was  very  strong.  This 
shows  that  local  application  of  cocaine  will  abolish  conductivity  in  the 
fibers  of  the  vagus. 

Experiments  with  cocaine  on  turtles:  IvJtraoenaus  injections  of 
cocaine.  As  little  as  0.5  mgm.  cocaine  hydrochloride  in  1  cc.  Ringer's, 
when  injected  into  the  external  jugular  vein,  may  abolish  the  spontane- 
ous postrexpiratoiy  contractions  of  the  turtle's  lung  for  one  hour.  This, 
however,  is  a  rare  occurrence.  Ordinarily  3,  4  or  5  mgm.  cocaine  must 
be  injected  to  abolish  these  contractions  for  a  like  period  of  time.  The 
length  of  time  required  for  complete  recovery  was  not  exactly  pro- 
portional to  the  dose  given,  but  depended  also  upon  the  physiological 
condition  of  the  preparation.  The  lung  reflexes  were  abolished  together 
with  the  spontaneous  contractions,  and  returned  with  them.  Stimular- 
tion  of  the  vagus  produced  no  contraction  of  the  lung,  unless  the  current 
was  very  strong.  It  will  be  noticed  that  the  effect  of  cocaine  injected 
intravenously  on  the  endings  of  the  motor  fibers  of  the  vagus  in  the 
hmg  of  the  turtle  is  essentially  the  same  as  that  on  the  endings  of  the 
inhibitory  fibers  of  the  vagus  in  the  lung  of  the  frog.  The  skeletal 
reflexes  were  not  suppressed  even  by  the  largest  doses  of  cocaine  (up 
to  20  mgm.),  showing  that,  as  in  the  frog,  the  efferent  endings  of  the 
skeletal  nerves  are  more  resistant  to  the  action  of  cocaine  than  the 
efferent  endings  of  the  vagus. 

The  heart  could  not  be  observed  directly,  but  the  pulse  in  the  arteries 
on  the  surface  of  the  lung  served  as  a  criterion  of  the  condition  of  the 
ventricle.  In  the  doses  used  cocaine  slowed  the  pulse  temporarily. 
In  one  turtle  the  pulse  disappeared  for  fifteen  minutes  after  the  injec- 
tion of  8  mgm.  cocaine. 

Application  of  cocaine  to  the  trunk  of  the  vagus.  Weak  solutions  of 
cocaine  (0.5  per  cent)  applied  to  the  vagus  in  the  neck  have  no  effect  on 
the  conductivity  of  its  fibers.  The  spontaneous  contractions  of  the 
lungs  are  not  abolished.  Stronger  solutions  of  cocaine,  2  to  5  per  cent, 
will  temporarily  abolish  the  spontaneous  contractions,  an  effect  usually 
following  the  division  of  the  vagus.  This  would  indicate  that  cocaine 
blocked  the  conduction  in  the  efferent  fibers  of  the  vagus.  To  test 
this,  the  vagus  was  stimulated  electrically  centrally  and  peripherally 
to  the  point  where  the  cocaine  was  applied.    While  stimulation  below 


Digitized  by 


Google 


214  NATHANIEL  KLEITliAN 

that  point  always  produced  a  very  marked  contraction  of  the  lung, 
stimulation  above  it  produced  no  contraction,  or  a  feeble  contraction, 
when  the  concentration  of  the  cocaine  solution  was  low,  and  the  current 
very  strong.  Upon  the  removal  of  the  drug  and  repeated  washing  of  the 
nerve  with  Ringer's  solution  the  conductivity  of  the  fibers  gradually 
returned.  Stimulation  of  the  vagus  above  the  point  where  the  cocaine 
was  applied  produced  stronger  and  stronger  contractions  of  the  lung, 
although  the  strength  of  the  current  and  the  duration  of  stimulation 
remained  constant.  The  spontaneous  contractions  of  the  lung  returned 
also.  The  degree  of  depression  was  greater  the  higher  the  concentra- 
tion of  the  cocaine  solution  applied.  The  adherents  of  the  '*  all-or-none" 
theory  as  regards  the  conduction  of  nerve  impulses  would  say  that  the 
record  shown  in  figure  4,  where  stimulation  above  the  point  of  appli- 
cation of  cocaine  produced  a  feebler  contraction  of  the  lung  than 
stimulation  below  that  point,  merely  indicates  that  only  the  outside 
fibers  of  the  vagus  were  affected  by  the  2  per  cent  cocaine  solution,  and 
contraction  A  was  a  result  of  stimulation  of  a  fewer  number  of  fibers 
(the  inside  fibers  not  affected  by  cocaine).  This  explanation  would 
make  it  unnecessary  to  assume  that  there  was  a  depressed  conductivity 
in  all  the  fibers.  But  it  would  be  difficult  to  explain  why  the  normal 
impulse  following  each  series  of  respiratory  movements  failed  to  reach 
the  lung  and  produce  a  contraction.    Obviously,  if  the  inside  fibers  i 

were  unaffected,  some  contraction  of  the  lung,  though  possibly  a  very 
feeble  one,  should  follow  the  respiratory  movements.    Since  the  spon-  i 

taneous  contractions  disappeared  entirely,  it  seems  more  probable  that  i 

cocaine  depressed  the  conductivity  in  all  the  fibers  of  the  vagus.  Ap- 
parently the  normal  periodic  stimuli  sent  along  the  vagus  from  the  lung- 
motor  center  were  blocked  by  the  depressed  conductivity  of  the  fibers 
of  the  vagus.  A  weak  electrical  stimulus  was  also  blocked,  while  a 
strong  electrical  stimulus  would  pass  in  spite  of  the  depressed  state  of 
the  fibers.    And  that  is  what  was  actually  observed. 

Experiments  were  also  performed  to  detect  a  difference,  if  any,  in 
the  effects  produced  by  the  local  application  of  cocaine  on  the  efferent 
and  afferent  fibers  of  the  vagus.  While  the  results  obtained  were  not 
imiform,  it  may  be  stated,  that  the  afferent  fibers  are  more  resistant 
to  the  action  of  the  drug  than  the  efferent  fibers.    The   procedure  \ 

employed  was  as  follows.  The  left  lung  was  connected  with  a  water 
manometer.  Both  vagi  were  isolated.  Stimulation  of  the  right  vagus 
produced  a  reflex  contraction  of  the  left  lung.  A  5  per  cent  solution  of 
cocaine  was  applied  to  the  right  vagus,  and  the  nerve  stimulated  cen-  ] 
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trally  and  peripherally  to  the  point  where  the  drug  was  applied.  In 
about  30  minutes  conduction  in  the  afferent  fibers  was  blocked,  and 
stimulation  of  the  right  vagus  peripherally  to  the  point  of  application 
of  cocaine  failed  to  elicit  a  reflex  contraction  of  the  left  lung.  Washing 
the  cocaine  off  the  vagus  would  sometimes  restore  the  conductivity 
of  its  afferent  fibers,  but  only  after  several  hours.  As  a  rule,  cocaine 
was  applied  next  to  the  left  vagus  of  the  same  tiu*tle.  The  conduc- 
tivity of  the  efferent  fibers  was  abolished  in  less  than  ten  minutes,  and 
stimulation  of  the  vagus  centrally  to  the  point  of  application  of  cocaine 
produced  no  contraction  of  the  lung.  Washing  the  cocaine  off  the  left 
vagus  ordinarily  restored  the  conductivity  of  its  efferent  fibers  in  an 
hour  or  two,  and  in  one  case  in  about  ten  minutes.  It  is  evident  that 
the  efferent  fibers  of  the  vagus  are  much  less  resistant  to  the  action  of 
cocaine  than  the  afferent  fibers. 

Experiments  with  aconitine  on  frogs:  According  to  the  U.  S. 
Pharmacopeia,  aconitine  is  almost  insoluble  in  water.  For  use  in  these 
experiments  a  few  crystals  of  the  drug  were  shaken  up  with  a  large 
quantity  of  Ringer's  solution,  and  after  the  crystals  settled  on  the 
bottom  the  supernatant  liquid  was  poured  off  and  used  as  a  saturated 
solution  of  aconitine.  It  must  be  borne  in  mind  that  on  account  of  its 
extreme  insolubility  a  "saturated"  solution  of  aconitine  may  be  likened 
to  a  saturated  solution  of  silver  chloride  or  barium  sulphate;  in  other 
words,  though  saturated,  it  is  still  extremely  dilute.  No  attempt  was 
made  to  determine  the  exact  concentration  of  the  solution,  as  the  drug 
very  often  contains  impurities,  aconine  and  benzaconine,  and  its  activity 
varies  considerably.  Some  samples  are  one  hundred  times  stronger 
than  others.  To  assay  roughly  the  potency  of  the  aconitine  used, 
various  amounts  of  the  saturated  solution  were  injected  into  frogs. 
It  was  found  that  0.3  cc.  of  aconitine  injected  into  the  ventral  lymph  sac 
will  paralyze  a  frog  weighing  35  grams  in  about  forty  minutes,  and  kill 
it  in  one  and  a  half  hours.  Fibrillary  twitching  of  the  skeletal  muscles 
and  strychnine-like  convulsions  preceded  the  paralysis.  The  motor 
endings  of  the  skeletal  nerves  preserve  their  irritability,  as  stimulation 
of  the  sciatic  nerve  produced  a  contraction  of  the  gastrocnemius. 

Intraveruma  injections  of  aconitine.  When  injected  intrave- 
nously, ^  or  even  ^j^  cc.  of  the  saturated  solution  of  aconitine  will 
cause  an  "escape"  of  the  lungs  from  vagus  inhibition,  by  paralyzing 
the  efferent  inhibitory  endings  of  the  pulmonary  vagus.  In  order  to 
show  that  this  action  was  local,  the  same  method  was  used  as  in  ex- 
periments with  cocaine.  The  right  pulmonary  artery  was  clamped,  and 
the  injection  of  aconitine  produced  no  contraction  of  the  right  lung, 


Digitized  by 


Google 


216  NATHANIEL  KLEITBCAN 

although  the  left  lung  contracted  immediately.  Subsequent  ligation 
of  the  right  vagus  produced  an  escape  of  the  right  lung  from  vagus  in- 
hibition, showing  that  the  center  continued  to  exert  its  tonic  inhibitory 
activity  after  the  injection  of  aconitine. 

Introrarierial  injections  of  aconitine.  To  determine  the  dose  of 
aconitine  that  would  produce  a  contraction  of  the  lungs  by  paralyzing 
the  vagus  center  in  the  medulla  larger  quantities  of  the  drug  had  to  be 
injected,  and  its  action  on  the  heart,  such  as  reversal  of  rhythm,  made 
it  necessary  to  use  intra-arterial  injections.  The  procedure  and  coi^trol 
were  the  same  as  employed  in  the  intra-arterial  injections  of  cocaine. 
It  was  found  that  0.1  cc.  of  the  saturated  solution  of  aconitine  when 
administered  in  this  way  will  paralyze  the  vagus  center  and  cause  the 
lungs  to  contract.  This  dose  corresponds  to  an  intravenous  dose  of 
0.2  cc. 

Loccd  application  of  aconitine.  Variable  results  were  obtained 
with  this  method.  However,  the  dose  necessary  to  paralyze  the  end- 
ings of  the  vagus  by  local  application  was  very  large.  Sometimes  1 
cc.  of  the  satiu^ted  solution  (three  times  the  lethal  dose  when  injected 
into  the  ventral  lymph  sac)  had  to  be  applied  to  the  limg  to  producean 
"escape"  from  vagus  inhibition.  Very  often  peculiar  spontaneous 
rhythmic  contractions  of  the  lungs  would  appear  after  the  local  ap- 
plication of  aconitine,  and  each  lung  showed  a  rhythm  of  its  own.  It  is 
possible  that  aconitine  stimulates  the  local  nervous  mechanism,  while 
paralyzing  the  inhibitory  endings  of  the  vagus. 

Experiments  with  aconitine  on  turtles:  The  intravenous  in- 
jections of  very  small  amounts  of  aconitine  were  without  effect.  But 
when  the  dose  was  increased  to  0.1  cc.  of  the  saturated  solution,  aconi- 
tine abolished  the  respiratory  movements,  and  the  spontaneous  limg 
contractions  that  follow  them,  in  about  five  minutes  (fig.  5).  Both 
respirations  and  lung  contractions  returned  in  eight  minutes;  they  were 
feeble  at  first,  but  soon  regained  their  original  magnitude.  The  in- 
travenous injection  of  0.2  cc.  aconitine  abolishes  respiratory  movements 
and  spontaneous  lung  contractions  for  four  or  five  hours,  but  when  res- 
piration was  restored,  the  lung  contractions  were  invariably  restored 
with  it.  Stimulation  of  the  vagus  before  and  after  the  injection  of 
aconitine  produced  lung  contractions  of  exactly  the  same  magnitude, 
showing  that  the  efferent  nerve  endings  were  not  paralyzed.  Permanent 
cessation  of  respiration  and  disappearance  of  spontaneous  lung  con- 
tractions were  observed  after  the  injection  of  0.5  cc.  of  aconitine.  The 
action  was  central,  as  similar  results  were  obtained  when  the  pulmonary 
artery  was  ligated.    Moreover,  with  the  lung  circulation  intact,  stimu- 
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laiion  of  the  vagus  after  the  mjection  of  0.5  ce.  aconitine  produced  a 
contraction  of  the  lung.  Stimulation  of  the  opposite  vagus  also  pro- 
duced a  contraction  of  the  lung  (reflex)  indicating  that  the  lung-motor 
center  was  intact.  The  only  conclusion  possible  is  that  the  respiratory 
center  was  paralyzed  by  aconitine.  A  very  characteristic  phenomenon 
was  the  contracture  of  the  lung  after  the  injection  of  aconitine  (fig.  6). 
Subsequent  stimulation  of  the  vagus  on  the  same  or  opposite  side 
produced  an  added  contraction  of  the  limg,  without  relaxation.  In 
some  experiments  this  contracture  did  not  occur  spontaneously,  but 
only  after  one  of  the  vagi  was  stimulated. 


Fig.  6.  Tambour  record  of  the  intrapulmonic  pressure  of  the  left  lung  of  the 
turtle.  Intravenous  injection  of  0.5  cc.  of  aconitine  abolished  respiration  and 
spoijtaneous  lung  contractions.  The  lung  went  into  a  state  of  contracture. 
Stimulation  of  the  right  and  left  vagus  produced  further  contractions  of  the 
lung,  but  no  relaxation  followed  these  contractions.    Drum  moving  very  slowly. 

The  pulse  in  the  lung  arteries  was  weakened  and  slowed  by  the  in- 
travenous administration  of  aconitine. 

The  lethal  dose  of  aconitine  for  the  turtle  varied  between  2  and  5 
cc.  of  the  saturated  solution. 

SUMMARY 

1.  The  intravenous  injection  of  1  mgm.  cocaine  hydrochloride  will 
abolish  the  lung  and  heart  reflexes  in  the  frog  by  paralyzing  or  greatly 
depressing  the  efferent  endings  of  the  vagus.  The  lung  "escapes"  from 
the  inhibitory  control  of  the  vagus  for  the  same  reason.  Whether  the 
afferent  endings  are  similarly  affected  has  not  been  established. 

2.  A  dose  of  cocaine  sufficient  to  paralyze  the  efferent  endings  of  the 
vagus  is  without  effect  on  the  efferent  endings  of  the  skeletal  nerves. 

3.  A  much  larger  dose  of  cocaine  is  necessary  to  produce  an  *' escape" 
of  the  lungs  by  paralyzing  the  vagus  center.  As  a  general  protoplasmic 
poison,  cocaine  is  held  to  be  more  poisonous  to  the  cells  of  the  central 
nervous  system  than  to  peripheral  nerve  endings,  but  in  the  vagus,  at 
least,  the  cells  are  more  resistant  to  the  action  of  the  drug  than  the 
efferent  nerve  endings. 
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4.  Intravenous  injection  of  cocaine  will  produce  slowing  of  the  heart, 
if  the  dose  is  small  (1  to  2  mgm).  Larger  doses  cause  complete  or 
partial  heart  block,  and  sometimes  "peristalsis"  of  the  ventricle. 

5.  Local  application  of  cocaine  to  the  lung  of  the  frog  has  the  same 
effect  as  the  intravenous  injections  of  the  drug. 

6.  Intravenous  injection  of  cocaine  will  abolish  the  spontaneoiis 
lung  contractions  in  the  turtle  by  paralyzing  or  depressing  the  efferent 
motor  nerve  endings  of  the  pulmonary  vagus,  essentially  the  same  effect 
as  that  observed  in  the  frog. 

7.  The  spontaneous  lung  contractions  in  the  turtle  disappear  after  a 
2  to  5  per  cent  cocaine  solution  had  been  applied  directly  to  the  vagus 
trunk  in  the  neck.  Apparently  the  efferent  impulses  from  the  lung- 
motor  center  are  blocked  by  the  cocaine.  Stimulation  of  the  vagus 
above  the  point  of  the  application  of  the  drug  produces  a  feebler  con- 
traction of  the  lung  than  stimulation  below  that  point.  This  is  not 
due  to  blocking  the  conduction  in  some  fibers,  but  rather  to  a  depres- 
sion of  the  conductivity  in  all  the  fibers. 

8.  The  afferent  fibers  of  the  pulmonary  vagus  are  more  resistant  to 
the  action  of  cocaine  than  the  efferent  fibers.  A  similar  result  was  ob- 
tained by  Dixon  on  the  vagus  of  the  dog,  the  cat  and  the  rabbit. 

9.  Minute  doses  of  aconitine  will  paralyze  the  efferent  inhibitory 
endings  of  the  pulmonary  vagus  in  frogs,  and  larger  doses  will  paralyze 
the  vagus  center.  This  resembles  the  action  of  cocaine  on  the  same 
structures. 

10.  Intravenous  injection  of  aconitine  will  paralyze  the  respiratory 
center  in  turtles,  and  thus  indirectly  abolish  the  spontaneous  con- 
tractions of  the  lungs.  Aconitine  also  produces  a  state  of  contracture 
in  the  turtle's  lung. 


It  is  a  pleasure  to  acknowledge  my  indebtedness  to  Dr.  A.  J.  Carlson 
ggesting  this  study,  and  to  Dr.  A.  B.  Luckhardt  for  his  constant 
^n  overcoming  the  technical  difficulties  and  for  his  numerous  sug- 
^ons  as  to  the  control  of  the  experiments. 
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STUDIES  ON  THE  VISCERAL  SENSORY  NERVOUS  SYSTEM 

XII,  The  Response  of  the  Isolated  Esophagus  op  the  Frog 
AND  the  Turtle  to  Certain  Drugs 

Z.  BERCOVITZ 
Frwn  the  HuU  Physiological  Laboratory  of  the  Univereity  of  Chicago 
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It  was  reported  by  Carlson  and  Luckhardt  (1)  that  in  the  turtle 
stimulation  of  the  peripheral  vagus  causes  mhibition  of  the  circular 
neuro-muscular  mechanism  of  the  upper  two-thirds  of  the  esophagus 
and  contraction  of  the  longitudinal  system  in  the  region  of  the  cardia. 
This  would  seem  to  indicate  a  difference  in  innervation  of  the  esophagus 
at  different  levels.  These  investigators  also  noted  that  the  hypertonus 
of  the  frog's  esophagus  following  vagi  section  and  vagi  stimulation 
seemed  to  be  confined  principally  to  the  longitudinal  system. 

The  present  study  was  undertaken  at  the  suggestion  of  Doctors 
Carlson  and  Luckhardt  with  the  view  of  ascertaining  whether  further 
light  on  the  motor  control  of  the  esophagus  might  be  seciu^d  by  the 
study  of  the  reaction  of  isolated  preparations  of  the  esophagus  to  the 
so-called  neurotropic  and  myotropic  drugs. 

Methods:  The  esophagus  was  prepared  for  studying  the  circular  and 
longitudinal  neuro-muscular  systems  in  the  following  manner: 

1.  Frog.  In  the  experiments  on  the  frog  the  entire  esophagus  was 
used.  In  studying  the  circular  system  the  esophagus  was  suspended 
as  a  ring  in  a  muscle  warmer  and  connected  with  German  silver  wire 
hooks  to  a  delicate  heart  lever  which  recorded  on  a  slowly  moving  drum. 
After  the  frogs  were  pithed  and  the  esophagus  exposed  usually  less 
than  one-half  a  minute  was  required  to  cut  it  off  at  the  cardia  and 
pharynx  and  suspend  it  in  the  bath. 

It  was  foimd  necessary  to  turn  the  esophagus  inside  out  before  any 
dependable  reactions  to  the  drugs  could  be  obtained.  With  the  mucous 
membrane  in  its  normal  position,  that  is,  inside,  the  circular  muscle 
fibers  and  their  nervous  mechanism  seem  to  be  almost  completely 
inaccessible  to  the  drugs  in  solution  in  the  bath. 
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In  the  study  of  the  longitudinal  neuro-muscular  mechanism  the  whole 
esophagus  again  was  used.  One  end  was  attached  by  means  of  a  small 
clamp  to  a  fixed  point  in  the  muscle  warmer  and  the  other  by  a  similar 
clamp  by  a  silk  thread  to  a  delicate  heart  lever.  The  weight  of  the 
clamps  was  carefully  coimterbalanced. 

The  fluid  in  the  muscle  warmer  was  changed  by  displacing  it  from 
below,  thus  preventing  exposure  of  the  tissue  to  the  air. 

2.  Turtle,  After  pithing  the  turtle  and  removing  the  plastron  the 
'entire  esophagus  and  stomach  were  carefully  cut  away  from  their  sur- 
•  roimding  tissues.  In  studying  the  circular  system  two  methods  of 
suspending  the  pi'eparations  were  used.  First,  the  same  method  as 
used  in  stud3dng  the  circular  fibers  of  the  frog  esophagus.  Another 
method  was  to  use  the  small  clamps.  These  were  applied  to  the  esopha- 
gus so  that  the  direction  of  work  of  the  muscle  was  the  same  as  when  it 
was  used  as  a  ring.    The  whole  ring  was  used  in  this  case  also. 

The  clamps  were  used  entirely  when  studying  the  longitudinal  system, 
strips  of  about  1  cm.  in  length  being  used. 

In  all  the  work  on  turtle  tissues  two  or  three  rings  or  strips  were 
usually  suspended  in  the  same  bath.  This  was  accomplished  by  using 
a  piece  of  glass  rod  for  a  holder  and  having  the  clamps  or  hooks  attached 
to  it.  This  was  dipped  into  a  container  made  from  an  inverted  bottle 
from  which  the  bottom  had  been  cut  away.  In  this  case  the  fluid 
was  drained  from  the  bottom  of  the  container  and  the  fluid  to  replace 
it  was  then  poured  in  promptly.  The  tissues  in  this  case  were  thus 
exposed  to  the  air  for  about  five  seconds  at  each  change  of  the  bath. 
This  was  carefully  checked  by  repeated  changes  with  the  Ringer's 
solution.  It  was  foimd  that  no  appreciable  changes  followed  this  short 
exposure  to  the  air.  In  all  the  work  the  fluids  were  used  at  room 
temperature. 

Results  ON  the  frog  esophagus:  1.  Need  of  oxygen  for  the  spon- 
taneous activity  of  the  circular  mechanism.  Early  in  the  work  it  was 
noted  that  when  the  preparation  was  immersed  in  a  non-oxygenated 
Ringer's  solution  there  was  an  inhibition  of  the  spontaneous  contrac- 
tions and  the  tone  of  the  isolated  ring  of  esophagus  (see  fig.  1,  C).^ 
This  inhibition  did  not  occur  if  oxygen  had  been  previously  bubbled 
through  the  Ringer's  solution  (fig.  1,  C). 

When  the  ring  of  the  esophagus  is  isolated  and  suspended  in  oxygen- 
ated Ringer's  solution  only  a  few  minutes  are  as  a  rule  required  before 
the  development  of  a  vigorous  rhythm.    If  the  ring  be  suspended 

^  The  tracings  in  this  article  are  reduced  about  two-thirds. 
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in  non-oxygenated  Ringer's  solution  there  may  or  may  not  be  a  few 
spontaneous  contractions  followed  by  hypertonus  (see  fig.  I,  A).  Ad- 
dition of  oxygen  to  the  bath  with  the  preparation  in  this  condition  is 
followed  by  an  increase  in  tone  and  a  vigorous  spontaneous  activity 
in  the  ring  (fig.  1,  A).  If  in  an  active  preparation  the  oxygen  be  shut 
oflF  and  non-oxygenated  Ringer's  solution  be  placed  in  the  bath  there  is 
inhibition  of  the  contractions  and  tone  and  finally  complete  cessation 


B 


Fig.  1.  Frog  esophagus.  Record  of  isolated  circular  neuro-muscular  system. 
A;  suspended  in  Ringer's  solution  without  oxygen '.showing  complete  hypotonus: 
+0,  start  bubbling  oxygen  through  bath,  showing  increased  tone  and  develop- 
ment of  spontaneous  rhythm.  B ;  active  spontaneous  contractions  in  oxygenated 
Ringer's  solution;  —  O,  shut  off  oxygen  and  replaced  bath  with  non-oxygenated 
Ringer's  solution;  showing  decrease  in  tone  and  failure  of  contractions:  +0, 
replaced  oxygen,  showing  recovery  of  tone  and  contractions.  C;  active  spon- 
taneous contractions  in  oxygenated  Ringer's  solution.  R,  changed  bath  with 
non-oxygenated  Ringer's  solution;  showing  temporary  inhibition.  OR,  changed 
bath  with  oxygenated  Ringer's  solution  and  showing  no  effects  on  the  preparation. 

of  all  spontaneous  activity  (fig.  I,  B).  With  the  ring  in  this  condition 
the  addition  of  oxygen  to  the  solution  is  again  promptly  followed  by 
spontaneous  contractions  and  increased  tone  to  the  previous  level 
(fig.  1,  B).  This  indicates  that  oxygen  is  necessary  for  the  spontaneoiis 
activity  of  tke  isolated  ring  of  frog^s  esophagus. 
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The  inhibition  in  non-oxygenated  Ringer's  solution  was  not  as  great 
in  preparations  which  had  been  previously  inverted.  In  view  of  this 
injBuence  of  non-oxygenated  Ringer's  solution  on  the  spontaneous 
activity  of  the  isolated  ring,  in  all  subsequent  work  on  this  type  of 
preparation  the  precaution  was  taken  of  using  only  oxygenated  Ringer's 
solution  in  making  up  the  dilutions  of  the  drugs  to  be  studied.  The 
longitudinal  mechanism  does  not  seem  to  be  as  sensitive  as  the  circular 
system  to  changes  in  the  oxygen  supply. 

When  the  isolated  ring  of  esophagus  is  suspended  in  a  bath  through 
which  air  is  bubbled  instead  of  oxygen,  a  poor  and  irregular  spontaneous 
activity  develops  for  a  short  time.  The  tone  is  low  and  the  contractions 
are  far  apart  with  an  early  failure.  If  at  this  time  oxygen  be  substituted 
for  the  air  there  is  a  prompt  increase  in  tone  and  the  development  of  a 
vigorous  rhythm.  In  the  active  preparation  replacing  oxygen  with 
air  or  changing  the  bath  to  a  non-oxygenated  Ringer's  solution  is  soon 
followed  by  complete  failure  of  the  contractions  and  a  drop  in  tone. 
The  substitution  of  oxygen  for  air  or  for  non-oxygenated  Ringer's  solu- 
tion is  followed  by  a  restoration  of  tone  and  contractions.  As  a  rule 
no  inhibition  occurs  if  the  bath  be  changed  with  Ringer's  solution 
through  which  air  has  been  bubbled  for  a  long  time  (one  hour  or  more). 
If  in  the  active  preparation  the  bath  be  changed  with  aerated  Ringer's 
solution  and  air  be  substituted  for  oxygen  there  is  a  cessation  of  the 
spontaneous  contractions  and  complete  inhibition  of  tone. 

2.  Adrenalin.  In  14  experiments  there  was  an  increased  tone  of 
the  circular  ring  following  the  administration  of  adrenalin  in  a  dilu- 
tion of  1:100,000  (fig.  2y  A),  This  increase  was  prompt  in  its  occur- 
rence and  always  marked.    The  recovery  was  slow. 

In  7  experiments  an  abrupt  and  profound  inhibition  of  both  tone  and 
contractions  followed  adminstration  of  the  same  quantity  of  adrenalin 
(fig.  2  B).  Whichever  reaction  was  obtained  it  could  always  be  re- 
peated on  the  same  preparation.  It  was  never  possible  on  the  same 
preparation  to  obtain  stimulating  and  also  inhibiting  effects  with 
adrenalin.    Both  adrenalin  reactions  were  obtained  after  atropine. 

Addition  of  adrenalin  to  the  bath  was  always  followed  by  an  in- 
hibition of  the  longitudinal  system  (fig.  3,  A  and  B).  This  inhibition 
consisted  of  both  a  drop  in  tone  and  also  cessation  of  the  spontaneous 
contractions.  This  inhibition  always  came  on  promptly  and  usually 
remained  until  the  drug  was  removed  from  the  bath.  Recovery  was 
also  prompt.  The  inhibitory  effect  of  adrenalin  is  more  marked  after 
atropine  than  before,  in  the  same  preparation  (fig.  3,  B).    Repeated 
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administrations  of  adrenalin  in  the  same  preparation  are  followed  by 
decreased  reactions. 

It  was  f oirnd  that  a  definite  inhibition  of  the  longitudinal  system  could 
usually  be  obtained  with  adrenalin  in  dilutions  up  to  1:30,000,000. 
In  some  sensitive  preparations  the  reaction  was  obtained  with  a  dilution 
of  adrenalin  of  1:100,000,000  (fig.  3,  A).  The  influence  of  atropine  on 
the  reaction  to  this  dilution  of  the  drug  was  not  tested  out. 


D 


B 


Fig.  2.  Frog  esophagus.  Record  of  isolated  circular  neuro-muscular  system 
in  oxygenated  Ringer's  solution.  ORy  changed  bath  with  oxygenated  Ringer's 
solution.  A:  showing  the  stimulating  influence  of  adrenalin,  A ;  B :  the  inhibition 
in  another  preparation  from  the  same  quantity  of  adrenalin  (1:100,000);  C;  the 
inhibitory  influence  of  histamine,  H;  D:  the  inhibition  after  pituitary  liquid,  P. 

8.  Pilocarpine.  Stimulating  effects  always  follow  the  administration 
of  pilocarpine  to  preparations  of  the  frog^s  esophagus  in  dilutions  of 
1:100,000.  These  are  the  same  for  both  circular  and  longitudinal  sys- 
tems and  include  a  prompt  and  abrupt  rise  in  tone.    After  a  short 
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period  of  time  there  may  be  the  development  of  a  vigorous  rhythm  at 
the  higher  tone  level.  Recovery  from  this  reaction  is  usually  slow  and 
requires  several  changes  mth  oxygenated  Ringer's  solution. 

4.  Nicotine.  Nicotine  in  dilutions  of  1:100,000  acts  essentially  the 
same  for  both  circular  and  longitudinal  systems  although  the  predom- 
inating action  is  different.  When  nicotine  is  applied  to  a  preparation 
there  is  a  prompt  inhibition  of  the  tone.  The  inhibition  is  more  marked 
in  the  circular  system  than  in  the  longitudinal  system  and  the  latter, 
if  the  tone  is  low,  may  be  missed  entirely  (fig.  4).  Following  this  in- 
hibition there  is  a  stimulating  phase  of  nicotine  which  is  more  pro- 
noimced  in  the  longitudinal  system  than  in  the  circular  system  (fig. 
4).  In  the  circular  system  the  stimulation  is  more  of  a  tonus  change 
while  in  the  longitudinal  system  it  appears  as  a  sharp  contraction  and  a 
rapid  recovery.  The  nicotine  effects  could  be  obtained  several  times 
on  the  same  preparation. 

5.  Atropine.  If  atropine  be  administered  in  dilutions  of  1:100,000 
after  pilocarpine  th^re  follows  a  decrease  in  tone  and  also  inhibition 
of  the  contractions  which  may  have  been  initiated  by  the  latter  drug. 
This  inhibition  is  uaually  permanent  and  occurs  in  both  circular  and 
longitudinal  systems.  As  a  rule  atropine  is  without  effect  on  the 
circular  system  when  imder  stimulation  of  pilocarpine. 

In  the  case  of  the  longitudinal  system  atropine  is  followed  by  a 
slight  temporary  inhibition.  This  reaction  occurs  with  marked  regu- 
larity. 

6.  Histamine  and  pituitrin.  The  addition  of  histamine  hydrochlo- 
ride in  dilutions  of  1:100,000  to  preparations  of  frog's  esophagus  is 
followed  by  a  prompt  and  abrupt  inhibition  of  both  the  tone  and  the 
contractions  (fig.  2,  C).  There  is  prompt  recovery  on  removing  the 
drug  from  the  bath.  The  action  of  histamine  is  the  same  on  both  the 
circular  and  longitudinal  systems. 

There  is  a  striking  similarity  between  the  action  of  histamine  and 
that  of  adrenalin  on  the  longitudinal  system.  On  the  circular  system 
histamine  inhibition  is  more  constant  than  the  adrenalin  inhibition. 
The  histamine  reaction  like  that  of  adrenalin  occurs  after  atropine. 
There  is  no  instance  in  this  series  in  which  histamine  was  followed  by 
a  stimulating  effect.  This  seems  to  indicate  that  the  histamine  action 
on  this  organ  is  nervous  rather  than  muscular,  a  view  previously  ex- 
pressed by  Luckhardt  and  Carlson  (2)  in  their  work  with  this  drug 
on  the  salamander  lung.  This  is  not  in  accord  with  the  generally  ac- 
cepted conception  of  histamine  as  a  direct  stimulant  of  smooth  muscle. 
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The  frog's  esophagus  is  described  (3)  as  containing  smooth  muscle  in 
both  the  longitudinal  and  circular  systems.  Addition  of  barium  chlor- 
ide to  the  bath  had  no  effect  on  the  esophagus. 

Administration  of  pituitary  liquid  (Armour's)  in  dilution  of  1 :  100,000 
is  followed  by  inhibition  of  both  circular  and  longitudinal  systems 


Fig.  6.  Turtle  esophagus.  /,  diagram  of  esophagus  and  stomach  indicating 
relationships  of  rings  used  in  this  experiment.  //,  stimultaneous  record  of  iso- 
lated rings  of  circular  neuro-muscular  system  as  indicated.  Arrow  indicates 
point  of  application  of  adrenalin  (1 :  100,000)  showing  apparent  decreased  response 
of  this  system  to  adrenalin  as  region  of  cardia  is  approached. 

(fig.  2,  D).  This  confirms  the  work  of  Waddell  (9)  but  it  is  not  certain 
whether  this  efifect  is  the  result  of  the  extract  of  the  pituitary  gland  or 
of  the  histamine  which  this  preparation  is  said  to  contain.  This  might 
account  for  the  failure  of  this  preparation  as  a  specific  myotropic 
drug. 

Results  on  the  turtle's  esophagus:  1.  Adrenalin,  The  action 
of  adrenalin  on  the  esophagus  of  the  turtle  is  essentially  the  same  for 
both  longitudinal  and  circular  systems.  The  addition  of  adrenalin  in 
a  dilution  of  1 :  100,000  to  preparations  of  turtle's  esophagus  is  followed 
by  a  marked  rise  in  tone  (fig.  5,  Ad).    In  many  cases  there  is  a  distinct 
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initial  inhibition  of  the  tone  preceding  the  stimulation.  This  effect  does 
not  appear  in  preparations  with  poor  tone.  The  stimulating  effect  of 
adrenalin  is  more  marked  on  the  circular  system  than  on  the  longitudinal 
system,  and  in  both  it  continues  for  a  long  period  of  time  in  spite  of 
repeated  washings  with  adrenaUn-free  Ringer's  solution.  These  re- 
actions occur  in  preparations  taken  from  all  levels  of  the  esophagus. 
In  many  preparations  of  the  circular  system  there  appears  to  be  de- 
crease in  the  response  to  adrenalin  in  those  rings  taken  from  the  region 
of  the  cardia  as  compared  with  those  taken  from  higher  levels  (fig.  6). 
All  adrenalin  reactions  are  obtained  after  atropine  paralysis  of  the 
vagi. 

j?.  Pilocarpine.  The  influence  of  pilocarpine  in  dilutions  of  1:100,000 
is  the  same  for  both  circular  and  longitudinal  systems.  The  drug  causes 
a  temporary  inhibition  of  the  tone,  the  degree  of  the  inhibition  depending 
on  the  amoimt  of  tone  maintained  by  the  preparation  before  the  drug 
was  added.  If  the  circular  system  is  in  a  condition  of  maximum  con- 
traction as  the  result  of  the  administration  of  adrenalin,  inhibition  is 
the  only  effect  produced  by  the  administration  of  pilocarpine  (fig. 
5,  P).  In  preparations  with  moderate  tonus  the  initial  inhibition  is 
followed  by  a  rise  in  tone  (Fig.  6,  Lp)  and  occasionally  rhythmic  con- 
tractions. 

These  pilocarpine  reactions  do  not  occur  after  atropine  and  are 
promptly  antagonized  by  that  drug  (fig.  5,  At). 

These  results  confirm  the  observations  of  Carlson  and  Luckhardt 
(1)  who  noted  that  stimulation  of  the  vagi  in  tiutles  was  followed  by 
an  inhibition  of  the  tonus  at  least  of  the  upper  two-thirds  of  the  esopha- 
gus. They  also  observed  esophageal  inhibition  after  pilocarpine  in- 
jections. In  their  work  they  did  not  observe  a  motor  effect  from  vagus 
stimulation  or  pilocarpine  injections  except  in  one  case  in  which  the 
animal  was  moribund  and  the  esophagus  in  poor  tone.  This  series 
appears  to  confirm  the  accuracy  of  their  observation  of  that  one  case. 

S.  Nicotine.  The  addition  of  nicotine  in  dilution  of  1:200,000  to 
the  preparations  of  turtle's  esophagus  is  followed  by  a  profoimd  in- 
hibition of  tone  (fig.  5,  N).  This  is  more  marked  in  the  circular  sys- 
tem and  is  dependent  on  the  degree  of  tone  maintained  by  the  prepara- 
tion.   In  many  cases  the  inhibition  is  followed  by  an  increase  in  tone. 

4.  Histamine.  Histamine  causes  stimulation  of  the  preparations  of 
turtle's  esophagus. 

Discussion  of  results:  1.  Dependence  of  the  frog^s  neuro^nuscuUir 
system  on  oxygen.    The  neuro-muscular  system  of  the  frog's  esophagus 
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is  very  sensitive  to  changes  in  its  oxygen  supply.  This  is  especially 
true  of  the  circular  system  when  it  is  in  its  normal  position  inside  of 
the  longitudinal  system.  Turning  the  preparation  inside  out  re- 
duces this  marked  sensitivity.  It  gives  the  circular  system  more  ready 
access  to  the  oxygen  in  the  bath.  That  this  is  an  important  factor 
is  shown  by  the  fact  that  it  was  necessary  as  a  routine  measure  to 
turn  all  preparations  inside  out  before  any  dependable  reactions  could 
be  secured  with  the  drugs.  Preparations  of  the  frog's  esophagus  wiU 
not  develop  spontaneous  activity  when  atmospheric  air  is  used  instead 
of  pure  oxygen  thereby  indicating  the  dependence  of  this  system  on 
oxygen. 

This  is  in  marked  contrast  to  the  resistance  to  anemia  of  the  nerve 
cells  in  the  mesenteric  plexus  in  cats,  as  pointed  out  by  Cannon  and 
Burket  (4).  These  investigators  showed  that  complete  anemia  of 
parts  of  the  alimentary  canal  produced  by  compression  between  glass 
plates  may  last  as  long  as  three  hours  without  loss  of  normal  activity  or 
of  nerve  cells  from  the  compressed  area. 

The  dependence  on  oxygen  of  the  neuro-muscular  system  of  the  frog's 
esophagus  is  striking  in  its  similarity  to  the  dependence  on  oxygen 
supply  of  the  centers  for  spinal  reflexes  as  pointed  out  by  Sherrington 
(5). 

The  gradual  development  of  contractions  in  the  isolated  preparations 
indicates  a  period  of  recovery  from  the  shock  to  the  isolated  peripheral 
nervous  mechanism  of  making  the  isolated  preparation.  A  similar 
condition  was  pointed  out  by  Alvarez  (6)  who  showed  that  strips  taken 
from  the  cardiac  regions  of  the  frog's  stomach  suffer  most  from  the 
trauma  of  excision  and  recover  slower  as  compared  to  strips  from  the 
antrum.  In  the  turtle  this  shock  seems  to  be  more  profoimd.  This 
apparent  shock  effect  is  also  strikingly  similar  to  that  experienced  in 
the  spinal  reflex  centers. 

In  a  previous  report  (7)  attention  was  called  to  the  fact  that  re- 
peated stimulation  of  the  vagi  in  turtles  was  followed  by  a  rapid  failiu^ 
of  gastric  contractions  in  response  to  that  stimulation.  This  seemed 
to  indicate  either  a  rapid  fatigue  or  the  development  of  some  sort  of  a 
refractory  condition  within  the  vago-gastric  motor  mechanism.  Both 
of  these  effects  are  similar  to  the  corresponding  points  in  Sherrington's 
analysis  of  spinal  reflexes  in  mammals.  In  a  later  report  (8)  attention 
was  called  to  the  complexity  of  the  peripheral  neuro-muscular  system  in 
the  turtle's  stomach. 
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It  would  seem,  therefore,  that  in  these  preparations  we  are  dealing 
with  an  isolated  nervous  center  which  is  sensitive  to  oxygen  want 
and  also  to  shock  effects  and  that  this  center  is  controlling  the  sponta- 
neous activities  of  the  isolated  neuro-muscular  system  of  the  frog's 
esophagus. 

2.  Naiure  of  the  "preliminary  inhibition.  It  was  noted  above  in  the 
case  of  nicotine  on  the  frog's  esophagus  and  at  times  on  the  turtle's 
esophagus  that  there  was  a  primary  inhibition  which  preceded  the 
stimulating  effects.  This  also  occurred  in  the  case  of  adrenalin  and 
pilocarpine  in  the  turtle. 

The  drug  actions  are  all  essentially  the  same  on  both  systems.  Both 
systems  are  present  and  potent.  The  delicate  lever  records  primarily 
one  neuro-muscular  system  but  not  to  the  complete  exclusion  of  the 
other.  It  would  seem  therefore  that  the  effect  recorded  in  any  case 
would  be  the  algebraic  sum  of  the  activities  of  both  neuro-muscular 
systems.  This  might  be  responsible  for  at  least  a  portion  of  the  primary 
inhibition  recorded. 

On  the  other  hand  it  appears  that  we  are  dealing  with  a  complex 
isolated  nervous  center  capable  of  both  inhibitory  and  motor  activities. 
Assuming,  at  least  for  the  present,  that  this  is  true  and  that  the  center 
is  in  a  condition  of  tonic  activity  the  primary  reaction  of  either  system 
to  the  drug  mil  depend  at  least  in  part  on  the  relative  tonus  of  the  two 
systems. 

The  circular  and  the  longitudinal  systems  are,  at  least  in  part, 
mutually  antagonistic,  so  that  according  to  the  law  of  reciprocal  in- 
nervation, tonus  or  activity  of  the  one  should  lead  to  depression  of  the 
other.  Furthermore,  the  primary  response  of  either  system  to  drugs 
may  be  reversed  by  a  reversal  of  the  tonic  state  at  the  time  of  application 
of  the  drug. 

Finally,  it  may  be  a  case  of  double  innervation  of  the  musculature, 
the  inhibitory  innervation  having  a  shorter  latent  period  than  the  motor 
innervation.  In  that  event  both  reactions  would  occur  in  a  definite 
time  relationship  to  each  other  which  is  never  reversed. 

S.  Apparent  failure  of  the  so-HXiUed  specific  myotropic  drugs  to  stimulate 
the  smooth  muscle  of  the  frog^s  esophagus.  It  is  noticed  in  the  case  of 
histamine,  pituitary  liquid  and  barium  chloride  that  the  usual  stimulat- 
ing effects  were  not  obtained.  There  is  also  a  striking  similarity  in  the 
action  of  histamine  on  the  frog's  esophagus  to  that  of  adrenalin.  A 
glance  at  table  1  will  reveal  a  difference  in  the  action  of  histamine  on 
the  frog's  esophagus  and  on  the  turtle's  iesophagus.    In  the  latter 
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animal  the  action  is  similar  to  that  which  is  usually  expected  from 
histamine.  As  pointed  out  by  Carlson  and  Luckhardt  (1)  ''the  con- 
ditions found  in  one  animal  group  or  species  do  not  necessarily  apply 

TABLE  1 
The  action  of  drugs  on  preparations  of  the  esophagus.    Stimulation  -■  +;  inhihi' 
Hon  »  — ;  when  both  inhibition  and  stimulation  were  obtained  in  the  same  prepa^ 
ration,  the  primary  action  is  placed  above 


Non-aerated  Ringer's  solu- 
tion  

Aerated  Ringer's  solution.. 

Oxygenated  Ringer's  solu- 
tion  


Adrenalin. 


Pilocarpine. 


Nicotine. 


Atropine. 


Histamine. 
Pituitrin... 


ntoo  asoPBAGns 


Ciroular 
tyvtem 


+  (14  cases) 
—  (  7  cases) 


-(after 
pilocar- 
pine) 


Loncitudinal 
system 


+  + 

-(after 
pilocar- 
pine) 
0 

—  (tempo- 
rary) 


TUBTLB  K80PHA0US 


Circular 
system 


Longitudinal 
system 


++all 

++ 

levels 

— 

++ 

++ 

-(after 

adrena- 

lin) 

*  The  +  in  this  case  means  that  spontaneous  activity  developed. 

to  another  group  or  species  as  the  degree  of  differentiation  in  the  motor 
control  from  the  prinwtive  condition  appears  to  vary  greatly  in  different 
animals." 
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4.  Residts  on  the  intact  animal  as  compared  vnth  ihe  isolated  preparer 
tions.  It  is  evident  that  if  the  activities  of  the  esophagus  with  its 
extrinsic  innervation  sectioned  is  dependent  on  a  peripheral  center  the 
preparation  will  be  more  physiological  if  left  in  the  animal  with  its 
circulation  intact  and  without  the  traumatism  necessary  to  isolate  a 
strip  or  ring.  In  spite  of  the  abnormal  conditions  surroimding  the 
isolated  preparation  there  is  a  striking  confirmation  of  the  results  of 
Carlson  and  Luckhardt  (1)  on  the  physiological  animal.  The  main 
difference  seems  to  be  in  the  magnitude  of  the  reactions  rather  than  their 
character  and  this  may  be  easily  explained  on  the  basis  of  the  difference 
in  the  recording  S3rstems. 

SUMMARY  AND  CONCLUSIONS 

Frog^s  esophagus.  1.  Tonus  and  spontaneous  contractions  are  main- 
tained only  in  well  oxygenated  Ringer's  solution.  Atmospheric  air 
cannot  be  substituted  for  pure  oxygen.  The  circular  system  is  more 
sensitive  to  lack  of  oxygen  than  to  longitudinal  system  when  in  its 
normal  position.  Turning  the  esophagus  inside  out  permits  better 
aeration  and  more  ready  access  of  drugs  to  the  circular  system. 

2.  Adrenalin  causes  a  uniform  inhibition  of  the  longitudinal  system 
and  stimulation  (66  per  cent  of  experiments)  or  inhibition  (33  per  cent 
of  experiments)  of  the  circular  system.  The  adrenalin  action  seems  to 
be  more  marked  after  atropine. 

3.  Pilocarpine  stimulates  both  circular  and  longitudinal  systems. 
Atropin  counteracts  this  effect  of  pilocarpine. 

4.  Nicotine  causes  a  primary  inhibition  followed  by  stimulation  of  the 
circular  and  longitudinal  systems. 

5.  Histamine  and  pituitary  Uquid  (Armour's)  cause  imiform  in- 
hibition of  the  circular  and  the  longitudinal  systems. 

Turtle's  esophagus.  1.  The  longitudinal  and  circular  systems  of  the 
turtle's  esophagus  at  all  levels  react  the  same  to  the  drugs  investigated. 

2.  Administration  of  adrenalin  causes  a  profoimd  and  lasting  stimula^ 
tion  usually  preceded  by  a  temporary  inhibition.  Atropine  has  no 
effect  on  this  adrenalin  action. 

3.  Pilocarpine  causes  a  temporary  inhibition  followed  by  a  marked 
stimulation.  Only  inhibitory  effects  occur  in  the  circular  system  in 
preparations  in  a  condition  of  maximum  contraction  following  the 
administration  of  adrenalin.  The  preliminary  inhibition  may  be 
absent  if  the  tone  is  low. 


Digitized  by 


Google 


VISCERAL  SENSORY  NERVOUS  SYSTEM  233 

4.  Nicotine  causes  a  profound  inhibition.  .Following  this  in  some 
cases  there  is  an  increased  tone  and  then  gradual  recovery  to  the  initial 
level. 

5.  Histamine  is  followed  by  an  increase  in  tone. 

The  author  wishes  to  take  this  opportunity  to  express  his  deep 
appreciation  to  Dr.  A.  J.  Carlson  and  Dr.  A.  B.  Luckhardt  for  their 
inspiration,  for  invaluable  suggestions  and  unstinting  help  throughout 
the  entire  progress  of  this  and  previous  studies  in  this  series. 
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The  object  of  this  investigation  was  to  ascertain  whether  there  is  an 
increase  in  the  water  content  of  the  tissues  in  experimental  beriberi, 
because  of  its  bearing  on  edema  as  a  phenomenon  in  starvation,  protein 
deficiency  (1)  and  other  forms  of  maladies  due  to  faulty  diets.  Our 
working  hypothesis,  as  outlined  by  Doctor  Carlson,  was  to  the  effect 
that  incipient  edema  may  be  a  consequence  of  all  dietary  deficiencies 
(quantitative  and  qualitative),  macroscopically  recognized  edema  ap- 
pearing as  a  final  symptom  in  a  certain  percentage  of  the  individuals; 
but  if  the  water  content  of  the  tissues  is  determined  quantitatively, 
incipient  edema  may  be  universal.  The  work  was  started  on  beriberi, 
because  the  literatiu'e  recognizes  two  types  of  this  dietary  disease,  at 
least  in  man,  the  wet  beriberi  (edema)  of  infants,  and  the  dry  beriberi 
or  polyneuritis  of  adults.  * 

Literature.  Hirsch's  Handbook  in  1885  (2)  mentions  edema  in 
legs,,  serous  cavities  and  in  limgs  in  some  clinical  cases  of  beriberi. 
Hoist  (3)  occasionally  foimd  moderate  edema  under  skin  of  legs  and 
feet  of  polyneuritic  pigeons.  Hoist  and  Frolich  (4)  noted  frequent 
subcutaneous  edema  in  scurvy  guinea-pigs  also.  They  call  attention 
to  a  resemblance  between  abortive  scurvy  of  guinea-pigs  and  ship 
beriberi  (of  man).  Vedder  and  Clark  (5)  found  little  evidence  of  edema 
in  polyneuritic  chickens,  except  in  cases  of  severe  prostration,  and 
then  only  a  slight  edema  in  pericardium  at  the  base  of  the  heart.  Mat- 
souka  (6)  finds  that  a  congestion  edema  of  the  lungs  is  a  clinical  charac- 
teristic of  beriberi.  This  goes  hand  in  hand  with  a  beginning  dilata- 
tion and  hypertrophy  of  the  right  heart.  He  also  mentions  presence 
of  hydrothorax.  Gibson  and  Concepcion  (7)  consider  that  hypertrophy 
of  the  heart  and  edema  are  typical  of  infantile  beriberi,  and  mention 
signs  of  edema  in  beriberi  dogs  and  pigs.  Darling  (8)  observed  edema 
of  lungs  in  scurvy  in  Africa.  Hess  (9)  spoke  of  subcutaneous  edema  in 
infantile  scurvy,  a  widespread  edema  that  does  not  pit  on  pressure,  as  it 
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infiltrates  layers  of  integument  and  muscle.  He  noted  a  close  relationship 
between  this  and  infantile  beriberi.  McCarrison  (10)  in  a  study  of  the 
effect  of  deficiency  diet  on  organs,  finds  iit  some  of  the  pigeons  such 
S3rmptoms  as  these:  excess  fluid  in  the  pericardial  sac,  band  of  edema 
at  auriculo-ventricular  juncture,  edema  in  the  lungs,  some  congestion 
in  the  lower  pole  of  the  left  kidney,  and  edema  in  the  groin.  Effusions 
into  serous  sacs,  although  found  frequently  at  autopsy,  were  rarely 
recognized  clinically.  He  finds  these  symptoms  in  pigeons,  not  only 
after  a  diet  of  polished  rice,  but  after  a  period  of  starvation.  He  also 
observes  acidosis  when  antineuritic  vitamine  is  absent.  After  diet  of 
polished  rice  McCarrison  (11)  reports  that  the  intestines  of  pigeons 
showed  atrophy  and  congestion  especially  in  the  upper  part,  and  occasion- 
ally he  could  see  an  edematous  infiltration  of  the  coats  of  the  bowel. 
In  scurvy  guinea-pigs  there  was  chiefly  a  hemorrhagic  infiltration.  He 
notes  a  relation  between  the  form  of  beriberi  occurring,  and  condition 
of  suprarenals  (12).  Kellaway  (13)  confirmed  McCarrison's  findings. 
Bigland  (14)  in  relation  to  edema,  emphasizes  effect  of  a  food  deficiency 
on  certain  endocrine  organs.  Rommel  and  Vedder  (15)  mention 
serous  fluid  in  the  pericardial  sac  and  in  the  thoracic  and  abdominal 
cavities,  and  edematous  limgs,  occurring  in  wet  beriberi  in  the  pig. 
Williams  and  Saleeby  (16)  mention  edema  as  a  clinical  symptom  ap- 
pearing frequently  in  beriberi,  especially  in  infants.  All  these  refer- 
ences to  the  presence  of  edema  in  beriberi  and  scurvy  are  based  on 
macroscopic  examination,  except  in  a  few  cases. 

Experimental  methods.  Beriberi  was  induced  in  the  chickens  and 
pigeons  by  feeding  polished  rice  exclusively.  Sand  and  water  were 
also  provided.  The  cages  were  large,  and  two  to  four  birds  were  kept 
in  a  cage.  Temperatures  were  taken  before  and  after  appearance  of 
disease,  and  the  typical  fall  in  temperature  occurred  in  every  case. 
Just  before  the  last  stage  of  the  disease,  the  animals  were  killed  by 
decapitation  and  allowed  to  bleed  dry.  They  were  then  opened  up, 
and  the  organs  dissected  out  and  put  in  crucibles  (previously  dried  and 
weighed).  The  crucibles  and  organs  were  weighed,  heated  in  an  oven 
(120°C.)  till  the  weight  became  constant  and  the  percentage  of  mois- 
ture computed.  The  same  procediire  was  followed  with  controls. 
Animals  used  were  over  one  year  old,  so  the  age  factor  was  eliminated. 
The  diet  of  the  controls  was  vmpoUshed  rice.  The  organs  studied  were 
the  brain,  lungs,  heart,  liver,  spleen,  testes,  kidneys,  pancreas,  stomach, 
intestines,  muscle  and  skin.  The  brain  was  removed  from  its  meninges, 
and  cut  off  below  medulla  and  excluding  hypophysis.    The  lungs  were 
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removed  from  the  pleural  sac.  The  heart  was  taken  out  of  the  peri- 
cardial sac,  opened  up  and  blood  clots  removed.  Stomach  and  intes- 
tines were  slit  open,  contents  washed  out,  and  adhering  moisture  re- 
moved by  placing  between  two  sheets  of  drying  paper  (in  some  series 
all  of  the  intestine  was  used;  and  in  others  segments  only).  Muscles 
were  taken  from  back  of  leg.  Skin  covering  the  leg  was  used.  With 
chicks  the  gall  bladder  was  dissected  from  the  liver.  In  all  cases  masses 
of  fat  clinging  to  organs  were  removed,  as  the  water  content  varies 
somewhat  with  lipoids.  (17). 

In  the  rats  beriberi  was  induced  by  feeding  a  synthetic  diet  lacking  in 
water-soluble  B.  The  diet  used  was  based  upon  that  of  McCollum  and 
Davis  (18),  but  with  increased  percentage  of  protein  and  butter  fat 
to  cover  those  factors.    It  was: 

percent 

Butter  fat 12.0 

Caaein 18 . 0 

Polished  rice 66.5 

Salt  mixture 3.5 

Agar-agar about  1  per  cent  added  for  bulk 

Salt  mixt\u*e  used  was  the  one  found  satisfactory  by  McCollum  and 
Davis,  namely, 

gramt 

NaCl 5.0 

K,HP04 12.10 

CaH4(P04)i 2.5 

Ca  lactate 29.5 

Fe  citrate 1.0 

The  rice  (with  agar-agar)  was  boiled  in  tap  water  till  kernels  were 
fairly  soft,  then  salt  mixture,  casein,  and  butter  fat  added.  The  rats 
were  given  this  mixt\u*e  ad  libitum,  in  addition  to  fresh  water.  Con- 
trols were  given  a  normal  diet  of  milk,  oats,  bread,  carrots  and  greens. 

Guinea-pigs  were  used  for  both  beriberi  and  scurvy  experiments. 
Beriberi  was  induced  on  the  S3mthetic  diet  fed  to  the  rats,  but  as  guinea- 
pigs  are  reported  (in  the  literature)  to  develop  scurvy  on  a  diet  which 
causes  beriberi  in  birds,  they  were  given  daily  6  cc.  of  orange  juice 
extracted  with  Fuller's  earth  according  to  method  of  Hardin  and 
Zilva  (19).  This  is  supposed  to  remove  water-soluble  B  and  leave  the 
antiscorbutic  factor.  To  induce  scurvy  in  the  guinea-pigs,  bran 
and  hay  were  fed  ad  libitum.  In  all  the  guinea-pigs,  except  four, 
the  same  method  of  killing  and  determining  water  content  of  organs 
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was  used  as  in  case  of  the  chickens  and  pigeons.  Four  of  the  guinea- 
pigs  and  all  of  the  rats  were  dried  whole,  after  being  killed  with  ether. 
In  the  rats  the  sciatic  nerves  were  removed,  and  stained  for  degenerap- 
tion  by  the  Marchi  method. 

Results.  Chickens.  Two  sets  of  chickens  were  used:  six  chickens 
in  the  first  set,  and  five  in  the  second.  (One  chicken  in  each  set  did 
not  develop  beriberi  during  the  duration  of  the  experiment.)  The 
first  set  was  started  on  October  21,  1920.  Losses  in  weight  of  the  beri- 
bery  chickens  were  as  follows:  1175  grams  to  1055  grams;  1365  grams 
to  1035  grams;  and  1635  grams  to  1110  grams.  The  birds  gained  weight 
for  the  first  week  or  two  of  the  feeding.  Beriberi  chickens  were  killed 
on  November  29,  19  and  24,  respectively.  Two  were  in  well-advanced 
stages,  and  a  third  in  the  last  stage  of  the  disease.  The  second  set 
was  started  on  December  24,  1920.  Losses  in  weight  were:  1935  to 
1230  grams;  and  1935  grams  to  1570  grams.  These  also  gained  in 
weight  for  the  first  week  or  ten  days.  These  beriberi  chickens  were 
killed  on  January  25  and  26,  respectively.  In  no  case  was  edema  noted 
at  post  mortem. 

The  average  water  contents  of  the  beriberi  chickens  and  controls  are 
given  in  table  1. 

These  results  show  a  tendency  toward  increased  water  content  in 
the  skin,  but  the  results  are  not  constant  enough  to  warrant  a  definite 
conclusion.  No  increase  is  seen  in  the  other  organs.  In  fact  in  some 
cases  the  total  loss  in  water  content  more  than  balances  the  total  gain. 

Pigeons,  Beriberi  was  induced  in  two  sets  of  pigeons;  six  in  the 
first  and  five  in  the  second.  The  first  set  was  started  on  October  21, 
1920.  Losses  in  weight  of  the.  beriberi  pigeons  were:  347  grams  to 
245  grams;  285  grams  to  140  grams;  275  grams  to  181  grams;  and  360 
grams  to  198  grams.  They  gained  in  weight  for  the  first  week  or  ten 
days.  The  beriberi  birds  were  killed  on  November  10,  22,  23  and  27, 
respectively.  The  second  set  was  started  November  19, 1920.  Losses  of 
weight  of  beriberi  pigeons  in  this  set  were  320  grams  to  210  grams;  315 
grams  to  250  grams;  and  275  grams  to  188  grams.  They  gained  in 
weight  for  two  to  three  weeks.  These  beriberi  birds  were  killed  on 
December  8  and  January  3  and  all  were  in  fairly  advanced  stages.  No 
signs  of  edema  was  observed  at  autopsy.  The  average  water  contents 
of  the  organs  are  given  in  table  2. 

A  study  of  table  2  shows  in  beriberi  pigeons  a  distinct  increase  of  water 
content  in  certain  organs,  and  a  somewhat  slight  but  definite  tendency 
toward  it  in  other  organs.    The  heart  and  intestines  show  the  greatest 
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and  most  invariable  increase.  A  rather  constant  tendency  toward 
increased  water  content  is  seen  in  the  lungs,  skin,  muscles  and  kidneys. 
The  testes  show  a  significant  decrease  in  water  content. 


TABLE  1 
Water  content 


Brain 

Lung 

Heart 

Muscle 

Skin 

Stomach... 

Spleen 

Pancreas.. 
Intestines. 
Kidney.... 

Testes 

Liver 

Adrenals.. 


.n 


Brain 

Lung 

Heart 

Muscle 

Skin 

Stomach... 

Spleen 

Pancreas. . 
Intestines. 

Kidney 

Testes 

Liver 

Adrenals.. 


CONTROL  CHICXKN8 

BSRIBBRI  CHICKENS 

Hi«h 

Low 

Average 

Hifth 

Low 

Average 

percent 

percent 

percent 

percent 

percent 

percent 

79.50 

79.00 

79.25 

79.58 

77.98 

78.90 

80.50 

80.30 

80.40 

75.75 

72.10 

73.95 

74.50 

70.60 

72.55 

72.30 

64.58 

69.36 

78.90 

75.50 

77.20 

76.50 

72.50 

75.13 

56.01 

50.30 

53.15 

60.20 

55.10 

57.68 

74.00 

72.40 

73.20 

71.50 

68.30 

69.63 

84.12 

76.73 

80.43 

75.49 

74.90 

75.19 

71.80 

67.50 

69.65 

71.28 

69.08 

70.32 

79.90 

77.00 

78.45 

77.50 

75.17 

76.50 

76.65 

76.55 

76.60 

77.80 

74.70 

76.66 

83.40 

79.60 

75.0 

77.37 

75.25 

71.60 

73.43 

72.20 

69.28 

70.59 

76.60 

69.77 

73.19 

59.00 

79.50 

61.82 

70.66 

81.00 

80.30 

80.70 

78.10 

76.40 

77.30 

77.10 

77.01 

77.05 

76.85 

75.80 

76.33 

83.05 

73.0 

78.0 

76.60 

75.50 

76.05 

75.60 

74.20 

74.90 

59.90 

58.75 

59.33 

68.95 

68.60 

68.78 

75.70 

73.50 

74.60 

74.45 

72.64 

73.55 

77.75 

77.25 

77.50 

78.20 

76.55 

77.45 

71.90 

71.50 

71.70 

69.50 

50.90 

60.20 

77.25 

75.95 

76.60 

78.90 

78.40 

78.65 

79.75 

77.49 

78.62 

81.48 

79.85 

80.66 

85.50 

84.50 

85.0 

80.0 

79.0 

79.50 

74.10 

69.90 

72.0 
67.0 

74.75 

71.25 

72.45 
73.0 

HxO  +  OB- 


per  cent 

-  0.68 

-  1.45 

-  3.19 

-  2.07 
+  4.53 

-  3.57 

-  5.24 
■f  0.67 

-  1.95 
■f  0.06 

-  6.03 

-  2.84 
-14.19 

■flO.04* 

-  0.25 
+  1.67 

-  1.15 
+  9.45 

-  1.05 

-  0.05 
-11.50 
■f  2.05 
-f  2.04 

-  5.50 
■f  0.45 
-f  6.00 


*  Positive  values  not  significant  as  one  result  far  below  all  other  values  of 
brain. 

Series  I:  2  control  chickens;  3  beriberi  chickens. 
Series  II:  2  control  chickens;  2  beriberi  chickens. 

Another  set  of  pigeons  was  starved  till  loss  in  weight  was  equal  to  the 
average  loss  in  the  beriberi  birds,  to  see  if  partial  starvation  rather  than 
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the  beriberi  condition  is  the  causal  factor.    The  results  are  given  in 
table  3. 

It  is  evident  from  table  3  that  starvation  leads  to  an  increased  water 
content  in  the  organs  comparable  to  that  in  beriberi.  This  may  be  due 
to  the  acidosis  of  inanition. 

TABLE  2 
Water  content 


IL 


Brain 

Lung 

Heart 

Muscle 

Skin 

Stomach.. 

Spleen 

Pancreas.. 
Intestines 
Kidney... 
Testes. . . . 
Liver 

Brain 

Lung 

Heart 

Muscle 

Skin 

Stomach.. 

Spleen 

Pancreas. 
Intestines 
Kidney... 
Testes.... 
Liver 


COMTBOL  PIQBONS 


High       Low     Airerace 


ptreerU 

80.07 
76.99 
72.30 
75.15 
41.17 
70.15 
75.75 
70.86 
74.58 
74.20 

71.48 

80.80 
77.25 
74.95 
73.60 
45.42 
70.66 
78.60 
71.60 
72.60 
77.46 
86.10 
76.76 


percent 

74.00 
76.70 
71.75 
72.30 
31.10 
67.55 
75.48 
69.70 
65.50 
73.15 

71.40 

80.0 

77.16 

74.55 

72.60 

14.77 

69.38 

70.95 

71.60 

68.15 

75.20 

71.65 

72.68 


percent 

77.03 
76.84 
72.03 
73.73 
38.64 
68.86 
76.61 
70.28 
70.04 
73.68 
76.60 
71.44 

80.40 
77.20 
74.75 
73.10 
30.10 
70.02 
74.78 
71,60 
70.33 
76.33 
78.38 
74.67 


BERIBBRI  PXQBONS 


High       Low     Average 


percent 

83.30 
83.46 
81.30 
77.30 
69.86 
72.10 
84.60 
71.60 
84.40 
80.15 

76.18 

80.25 

82.0 

81.49 

76.90 

65.75 

72.10 

71.68 

73.28 

81.55 

77.90 

69.40 

75.10 


percent 
79.80 
79.28 
78.05 
74.40 
64.55 
70.80 
62.50 
69.25 
81.25 
77.30 

72.0 

79.44 

78.40 

78.80 

75.0 

61.55 

71.05 

67.90 

71.45 

78.00 

78.12 

60.0 

72.25 


percent 

81.02 
82.92 
79.23 
75 


r  cent 

-f  3.99 
+  6.08 


80  + 


71.30 
72.71 
70.31 
82.48 
78.63 
61.58 
74.17 


79.86 
79.70 
80.66 
76.18 
62.97 
71.57 
70.06 
72.09 
79.98 
77.97 
64.70 
74.01 


HiO 

+  OB- 


7.20 
2.07 
66.10-1-27.46 
-f  2.45 
-  2.90 
-f  0.03 
+  8.44 
-h  4.95 
-15.02 
-f  2.73 


-  0.54 
-f  2.50 
-h  5.81 
+  3.08 
-1-32.87 
-f  1.55 

-  4.72 
-f  0.49 
-h  9.65 
-f  1.64 
-13.68 

-  0.66 


Series  I:  2  control  pigeons;  4  beriberi  pigeons. 
Series  II:  2  control  pigeons;  3  beriberi  pigeons. 

Guinea-^piga.  Only  two  guinea-pigs  were  used  in  our  attempt  to 
produce  beriberi,  as  it  is  not  certain  that  the  disease  can  be  experi- 
mentally induced  in  guinea-pigs.    We  found  no  reference  in  the  litera- 
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ture  to  beriberi  in  this  species.  One  guinea-pig  wa43  used  as  a  control. 
One  of  the  experimental  animals  was  lost  by  not  being  familiar  with  the 
sjrmptoms  of  beriberi  in  the  guinea-pig.  The  diagnosis  of  beriberi 
was  checked  by  staining  the  sciatic  nerves  for  degeneration  (Marchi 
method).  The  symptoms  observed  in  the  guinea-pigs  on  the  above 
diet  were  as  follows:  Gain  in  weight  (equal  to  that  of  control)  for  three 
to  four  weeks;  and  then  quick  loss  in  weight  and  death  in  four  to  five 
days.    Both  guinea-pigs  showed  roughness  of  hair  after  four  weeks 

TABLES 
Water  content 


Brain 

Lung 

Heart 

Muscle... 

Skin 

Stomach.. 
Spleen  — 
Pancreas. 
Intestines 
Kidney... 
Testes.... 
Liver 


TWO  CONTBOX.  PIOBON8 

FOUS  RARTBD  PXOBOM8 

Hish 

Low 

Avenge 

High 

Low 

Average 

percent 

percent 

percent 

percent 

percent 

percent 

79.85 

79.49 

79.67 

81.00 

79.80 

80.54 

77.45 

76.75 

77.22 

82.90 

74.45 

79.32 

75.06 

74.10 

74.60 

79.80 

77.55 

78.80 

75.65 

74.49 

75.07 

75.30 

75.40 

77.50 

62.90 

61.60 

62.25 

70.70 

60.50 

65.93 

71.75 

69.10 

70.43 

70.75 

68.05 

69.49 

81.35 

73.35 

77.35 

66.70 

57.50 

61.80 

72.60 

71.73 

72.17 

75.50 

71.51 

73.44 

70.95 

70.70 

70.83 

78.30 

74.95 

76.44 

77.01 

74.70 

75.86 

81.10 

76.55 

78.80 

85.98 

79.50 

68.45 

73.98 

68.80 

68.50 

68.65 

74.48 

71.52 

72.94 

HsO 
+  o«- 


percent 

+  0.87 
2.10 
4.20 
2.43 
3.68 
-  0.94 
-15.55 
+  1.27 
+  5.61 
+  2.96 
-12.0 
+  4.29* 


*  Positive  values  not  significant  when  water  content  of  the  controls  is  com* 
pared  with  controls  of  table  2. 

on  the  diet.  From  this  on  the  animals  remained  in  about  the  same 
condition  and  maintained  a  good  appetite,  till  appearance  of  definite 
symptoms  of  the  disease.  But  the  animals  became  gradually  more 
noisy  when  they  were  being  fed.  In  the  guinea-pig  used,  definite 
symptoms  appeared  at  the  end  of  the  sixth  week.  The  animal  became 
very  weak,  and  was  uncertain  in  his  movements  (stupid)  with  subnor- 
mal temperature,  and  absence  of  the  usual  nervous  shivering  on  being 
handled.  No  signs  of  scurvy  were  seen  on  autopsy,  showing  that  the 
extracted  orange  juice  had  protected  him  from  scurvy.  Results  are 
given  in  table  4. 
Table  4  reveals  no  increased  water  content  in  any  organ. 
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TABLE  4 
Water  content 


Brain.... 

Lung 

Heart.... 
Muscle. . . 

Skin 

Stomach. 
Spleen... 
Intestine 
Kidney. . 
Liver 


OKK  CONTROL 
OVINBA-Pia 

OH» 
BSBIBXRI 
atJINBA-PIG 

HjO+or- 

percent 

percent 

percent 

80.90 

80.60 

-0.30 

80.60 

81.10 

+0.50 

79.35 

79.43 

-fO.08 

77.75 

76.10 

-1.15 

70.60 

63.05 

-7.45 

79.0 

80.80 

+1.80 

79.10 

78.60 

-0.50 

87.30 

85.30 

-2.0 

78.86 

79.40 

+0.56 

74.35 

76.60 

+2.26 

Scurvy  was  developed  in  two  series  of  guinea-pigs.  In  the  first  series 
six  animals  were  used.  They  were  killed  after  being  on  the  special 
diet  for  two  to  three  weeks.  The  animals  lost  weight,  first  slowly,  then 
more  rapidly.  Other  external  manifestations  were  roughness  of  hair, 
sitting  crouched  up,  and  in  some  cases,  squealing  when  handled.  Diag- 
nosis of  scurvy  was  confirmed  by  typical  appearance  on  autopsy.  The 
results  on  this  first  series  are  giveix  in  table  5. 

TABLE  5 
Water  content 


HiO 

+  OR  — 


Brain 

Lung 

Heart 

Muscle.... 

Skin 

Stomach.. 
Spleen — 
Intestines 
Kidney... 

Liver 

Adrenals. . 


THRES  CONTROL  OUINBA-PIOB 

THREE  8CURVY  OUmBA-PiaS 

Hi«h 

Low 

Averase 

Hish 

Low 

Average 

percent 

percent 

percent 

percent 

percent 

percent 

81.10 

71.98 

80.46 

80.90 

80.15 

80.75 

81.49 

51. 60* 

71.15 

80.60 

79.90 

80.30 

81.30 

80.10 

80.00 

80.70 

79.20 

80.20 

77.95 

77.20 

77.53 

76.95 

76.06 

76.51 

69.05 

67.50 

68.72 

71.60 

64.03 

67.57 

81.40 

80.10 

80.90 

82.0 

80.60 

81.60 

79.75 

78.08 

79.74 

79.45 

74.05 

77.27 

85.70 

82.90 

84.50 

65.60 

84.45 

84.88 

84.55 

77.80 

80.58 

81.55 

80.75 

81.06 

76.60 

74.60 

75.73 

74.90 

70.75 

73.24 

64.45 

57.00 

61.03 

75.50 

60.90 

67.20 

percent 

+0.29 
+9.15 
-0.60 
-1.02 
-1.15 
+0.60 
-1.47 
+0.38 
+0.50 
-2.49 
+6.17 


*  This  result  probably  not  correct  as  it  is  so  much  lower  than  the  rest. 
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Table  5  reveals  no  definite  edema  in  any  organ  in  the  scurvy 
guinea-pigs. 

In  our  method  of  studying  the  separate  organs,  the  serous  sacs  and 
cavities  are  not  included  in  the  determinations,  hence  there  might  be 
some  edema  that  our  method  fails  to  disclose.    In  order  to  test  this 

TABLE e 
Water  content  of  entire  body 


TWO  CONTROL  OUINKA-PIGS 

xifCRKABB  nr  HsO 

percent 

74.17 
73.63 

j>ereent 

77.60 
76.70 

+3.43 
+3.07 

possibility,  scurvy  was  produced  in  two  additional  guinea-pigs,  and  two 
animals  used  as  controls.  The  animals  were  killed  by  ether  and  desic- 
cated in  toto  (including  the  blood).    The  results  are  given  in  table  6. 

Rats  on  beriberi  diet.  Eight  rats  were  employed  in  this  test,  two  serv- 
ing as  controls.  They  weighed  between  50  to  80  grams  at  the  begm- 
ning  of  the  experiment,  and  were  nearly  of  the  same  age,  but  as  all  were 
over  five  weeks  old,  age  would  be  eliminated  as  a  factor  (20).  After 
nine  weeks  on  the  deficient  diet,  they  were  killed  with  ether  and  dried 


TABLE  7 
Water  content  of  entire  body 


TWO  CONTROL  RATS 

SIX  BERIBRRI  RATS 

HiO  +  OR  - 

per  cerU 

percent 

percent 

70.07 

69.50 

-0.29 

69.50 

69.25 

-0.54 

71.25 

+1.46 

72.53 

+2.74 

72.40 

+2.61 

73.0 

+3.21 

whole  as  described  above.  The  rats  did  not  gain  as  well  as  the  controls, 
but  otherwise  showed  no  external  symptoms.  There  was  some  de- 
generation of  the  sciatic  nerve  in  every  animal,  showing  the  lack  of 
water-soluble  B  had  produced  the  nervous  lesions  of  polyneuritis. 
The  results  are  shown  in  table  7. 

In  four  of  the  rats  there  is  a  small  but  definite  increase  in  water  con- 
tent.   The  remaining  two  are  practically  identical  with  the  controls. 
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CONCLUSIONS 

1.  There  is  no  definite  increase  in  water  content  of  the  organs  of 
beriberi  chickens,  except  possibly  in  the  skin. 

2.  In  beriberi  pigeons  there  is  an  increased  water  content  in  the  in- 
testines, and  in  the  heart,  the  lungs,  the  skin,  the  muscles  and  the  kid- 
neys. Starvation,  in  proportion  to  the  loss  in  weight  in  the  beriberi 
birds,  leads  to  a  similar  increase  of  water  in  these  tissues. 

3.  In  one  beriberi  guinea-pig,  no  increased  water  content  was  foimd 
in  the  organs  studied. 

4.  In  scurvy  guinea-pigs,  increased  water  content  was  not  detected  in 
determinations  of  separate  organs,  but  when  the  animals  were  dried 
whole,  such  a  tendency  was  noted. 

6.  In  beriberi  rats  (entire  body),  there  was  increased  water  content  in 
some  cases  and  in  others  there  was  no  change. 

6.  Quantitative  analysis  (separate  organs,  or  the  entire  animal) 
appears  to  reveal  increased  water  content  of  tissues  (or  incipient  edema) 
in  dietary  deficiency  diseases,  where  edema  is  not  in  evidence  on  the 
usual  gross  examination. 
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In  severe  carbon  monoxide  asphyxia  the  chief  damage  is  usually 
wrought  upon  the  central  nervous  system.  This  apparently  selective 
action  of  the  gas  led  to  the  belief  that  carbon  monoxide  exerts  a  specific 
toxic  action  upon  nervous  tissue.  From  the  clinical  and  pathological 
sides  the  acceptance  of  this  specificity  affords  an  easy  explanation  of  an 
otherwise  difficult  problem.  Physiological  evidence  indicates,  however, 
that  aside  from  its  displacement  of  oxygen  from  the  blood,  carbon 
monoxide  is  as  innocuous  as  nitrogen  (1).  The  nervous  sequelae  of  the 
poisoning  follow  as  one  of  a  train  of  profound  physiological  alterations, 
due  primarily  to  the  anoxemia  induced  by  the  combination  of  carbon 
monoxide  with  hemoglobin  and  exclusion  of  oxygen. 

In  the  present  work  an  attempt  has  been  made  to  obtain  some  direct 
evidence  upon  this  problem  by  observing  the  action  of  carbon  mo- 
noxide upon  cultures  of  chick  neuroblasts  growing  in  vitro.  The  nerve 
cells  under  these  conditions  maintain  their  gaseous  exchange  directly 
through  the  plasma,  in  which  they  are  suspended,  without  the  inter- 
vention of  hemoglobin.  By  thus  dispensing  with  hemoglobin,  the 
asphyxiant  action  of  the  carbon  monoxide  is  avoided.  The  concentra- 
tion of  the  gas  in  the  medium  about  the  cells  is  determined  solely  by 
the  tension  of  gas  in  the  atmosphere  with  which  the  plasma  is  in  con- 
tact. For  this  reason  it  is  possible  to  expose  the  neuroblasts  to  far 
greater  amounts  of  carbon  monoxide  than  would  be  possible  in  the  body. 

As  will  be  seen  in  the  following  experimental  work  carbon  monoxide 
even  in  concentrations  as  high  as  79  per  cent  acts  as  an  inert  gas  toward 
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nerve  cells.  When  the  carbon  monoxide  is  supplied  in  the  form  of 
ilhiminating  gas,  i.e.,  fattened  water  gas,  this  is  not  the  case.  Some 
accessory  substance  in  this  gas  has,  at  least  under  in  vitro  conditions,  a 
highly  toxic  action  upon  growing  nerve  cells. 

Experimental  methods.  The  general  technique  of  preparation  and  the 
normal  appearance  of  cultures  of  chick  nervous  tissue  grown  in  vitro 
have  been  fully  described  by  R.  G.  Harrison  (2)  and  his  pupils  (3).  I 
take  this  opportunity  to  express  my  indebtedness  to  Professor  Harrison 
for  his  personal  advice  and  suggestions  during  the  course  of  this  work. 
In  brief  the  technique  is  as  follows:  Fertile  hen's  eggs  are  incubated  at 
39°C.  for  48  hours  or  longer.  One  of  these  eggs  is  then  placed  upon  its 
side,  and  the  upper  surface  sterilized  by  washing  with  alcohol  and  dried. 

TABLE  1 

Showing  the  reaction  of  chick  nervous  iisstte  in  the  presence  of  air,  carbon  monoxide, 
and  air  vnth  0.1  per  cent  illuminating  gas 


ATHOaPHBBS  TO  WR1CB  KKRVOT78 
TZMX7B  WAS  BZPO0SD 

Nt7MBER 

OF 
CULTUBES 

NTTUBBB 

OP 
GROWTHS 

PBB  CBNT 
QROWTH 

AtmoflpheriQ  air 

36 
20 
18 

31 

18 

0 

86.1 

90.1 

0 

Growth    normal     in 

79  per  cent  carbon  monoxide 
and  21  per  cent  oxygen 

Atmospheric  air  and  0 . 1  per  cent 
illuminating  gas 

appearance 

Growth    normal     in 
appearance 

Tissue  dead  and  par- 
tially degenerated 

An  area  of  the  shell  about  3  cm.  in  diameter  is  cut  away  with  scissors, 
thus  exposing  the  chick  embryo.  Under  strong  illumination  and  a 
binocular  microscope  small  segments  of  neuroblastic  tissue  are  cut  away 
with  sharp-pointed  iridectomy  scissors.  These  fragments  are  floated 
into  warm  saline  and  cut  into  smaller  bits.  One  of  these  is  then  drawn 
into  a  capillary  pipette  and  placed  in  a  drop  of  chicken  plasma  resting 
upon  a  microscope  cover  sUp.  Asepsis  is  maintained  throughout.  The 
plasma  employed  as  the  supporting  medium  for  the  tissue  is  obtained  by 
centrifuging  cooled  chicken  blood;  the  blood  is  drawn  by  means  of  a 
Luer  sjrringe  and  needle  from  the  superficial  vein  upon  the  medial  aspect 
of  a  fowl's  wing. 

The  cover  slip  with  its  drop  of  plasma  containing  the  tissue  is  inverted 
over  a  glass  ring  the  surfaces  of  which  are  coated  with  petrolatum. 


Digitized  by 


Google 


246 


HOWABD  W.  HAGGARD 


This  in  turn  rests  upon  a  microscope  slide.  Thus  sealed,  the  hanging 
drop  dulture  is  aerated  only  by  the  atmosphere  within  the  cell  formed 
by  the  ring,  the  slide,  and  the  cover  glass.  But  in  the  present  work  the 
slide  used  was  pierced  with  a  2  nun.  central  hole  opening  into  this  cell. 


F^rforotions  «»«Central  ^or 


I^*icro«c0|te  Sit  4 


Tub*  ^or  the  Introducttan 

Fig.  1.    Apparatus  for  exposing  in  vitro  cultures  to  gases 


^CovtrSr.^. 


.Tube  I  or  tKe  'lAtrd4cu\\oii 
A\€ta\Cbomber      *^  ^^^^ 


Fig.  2.    Sectional  view  of  apparatus  showing  culture  in  place 

In  order  to  study  the  effects  of  gases  other  than  atmospheric  air  upon 
the  growing  nervous  tissue  it  is  necessary  to  employ  some  means  of 
introducing  and  maintaining  the  gas  within  the  cell.  For  this  purpose 
the  following  apparatus  was  designed:  It  consists  (figs.  1  and  2)  of  a 
metal  chamber  acting  as  a  gas  reservoir,  which  is  surmounted  by  three 
metal   bars   placed   equidistant   and   extending   longitudinally.    The 
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middle  one  of  these  bars  is  perforated  at  3  cm.  intervals  with  small 
openings  which  lead  to  the  chamber  below.  The  chamber  is  made  of 
sheet  brass  and  is  25  cm.  long,  10  cm.  wide  and  4  cm.  deep.  The  bars 
are  of  square  brass,  1.5  cm.  thick  and  extend  the  full  length  of  the 
chamber.  At  either  end  of  the  metal  chamber  are  small  tubes  fitted 
with  short  lengths  of  rubber  tubing  and  pinch  clamps. 

The  chamber  is  sealed  by  coating  the  bars  lightly  with  petrolatum  and 
placing  microscope  slides  transversely  across  the  three  in  such  a  maimer 
as  to  cover  the  openings.  The  gas  under  study  is  introduced  by  con- 
necting one  of  the  tubes  to  a  gasometer  filled  with  the  desired  mixture. 
With  both  pinch  clamps  open,  a  sufficient  volume  is  passed  through  to 
a£Ford  thorough  flushing.  The  effluent  tube  is  then  connected  to  a  gas 
analyzer  and  a  sample  drawn  for  analysis,  after  which  both  clamps  are 
closed.  The  atmosphere  in  the  chamber  is  kept  moist  by  introducing 
a  little  water. 

In  order  to  allow  diffusion  of  the  gas  from  the  chamber  into  the  cell 
containing  the  suspended  culture,  the  slide  on  which  the  culture  is  car- 
ried is  pierced  as  already  mentioned.  The  end  of  this  slide  is  abutted 
against  one  of  the  plain  slides  used  to  seal  the  chamber  and  is  pushed 
across  the  bars,  thus  replacing  the  blank  slide,  until  the  central  perfora- 
tion through  the  slide  into  the  cell  is  over  one  of  the  openings  of  the 
central  bar  leading  into  the  chamber.  Free  diffusion  is  thus  established 
between  the  gas  in  the  chamber  and  the  atmosphere  in  the  culture  cell. 
The  apparatus  thus  sealed  and  charged  with  gas  is  placed  in  an  incubator 
at  39°C.  The  slight  increase  in  pressure  incident  to  the  rise  in  tempera^- 
ture  is  relieved  by  momentarily  opening  one  of  the  pinch  clamps. 

To  remove  the  culture  for  examination  the  perforated  sUde  is  replaced 
by  a  blank  slide  in  the  same  manner  as  described  above.  By  this 
method  the  gas  in  the  chamber  is  maintained  without  loss.  This  fact 
has  been  verified  by  analysis  after  each  period  of  incubation. 

In  this  study  the  gases  used  were:  a,  atmospheric  air  as  control;  b,  79 
per  cent  carbon  monoxide  and  21  per  cent  oxygen;  and  c,  0.1  per  cent 
illuminating  gas  in  air.  The  carbon  monoxide  was  prepared  by  the  action 
of  concentrated  sulphuric  acid  upon  formic  acid  at  80**C.,  and  was  washed 
repeatedly  with  caustic  alkali  solution  and  water  to  exclude  possible 
extraneous  irritant  gases  incident  to  its  manufacture.  The  illimiinating 
gas  was  the  average  run  supplied  to  the  City  of  New  Haven.  The  local 
gas  company  has  kindly  furnished  the  following  analysis:  carbon  di- 
oxide, 3.5  per  cent;  benzol  (CeHe),  1.0  per  cent;  olefines  (Cn  Hjn),  5.6  per 
cent;  oxygen,  4.0  per  cent;  carbon  monoxide,  21.4  per  cent;  hydrogen, 
43.2  per  cent;  methane,  19.8  per  cent;  nitrogen,  5.1  per  cent. 
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Examination  was  made  of  the  tissue  cultures  after  24,  48  and  in  some 
cases  72  hours  of  exposure  to  the  various  atmospheres.  In  the  accom- 
panying table  (page  245)  are  given  the  results  obtained. 

It  is  here  to  be  seen  that  the  percentages  of  successful  growths  in  air 
(79  per  cent  nitrogen  and  21  per  cent  oxygen)  and  in  an  sCtmosphere  of 
the  same  oxygen  tension  but  79  per  cent  of  carbon  monoxide  instead  of 
nitrogen,  were  virtually  the  same.  Indeed  the  latter,  by  the  mere 
chance  of  experimentation,  shows  a  slightly  better  percentage  than  the 
former — 90.1  against  86.1.  The  growth  observed  with  the  atmosphere 
containing  79  per  cent  of  carbon  monoxide  was  in  all  respects  as  normal 
as  that  obtained  when  the  gas  in  the  cell  was  atmospheric  air. 

The  fact  that  delicate  neuroblast  will'  propagate  in  an  apparently 
normal  manner  when  exposed  to  a  tension  of  carbon  monoxide  so  great 
as  to  be  in  the  body  physologically  impossible,  is  conclusive  evidence 
that  carbon  monoxide  does  not  exert  a  specific  toxic  action  upon  ner- 
vous tissue. 

Illuminating  gas  does,  however,  contain  some  substance  toxic  to 
nerve  cells  for  no  successful  growths  at  all  were  obtained  even  in  highly 
diluted  gas  (0.1  per  cent).  This  is  obviously  due  to  some  constituent 
of  the  gas  other  than  carbon  monoxide.  But  it  is  important  to  remem- 
ber that  the  exposed  tissue  in  a  culture  is  probably  more  sensitive  than 
the  normal  living  animal  or  man.  The  fact  that  illuminating  gas  is 
more  toxic  than  its  content  of  carbon  monoxide  would  wholly  accoimt 
for,  has  been  noted  previously  in  this  laboratory  (4),  but  one  must  not 
over-estimate  this  fact.  It  remains  true  that  the  toxicity  of  illuminat- 
ing gas  when  inhaled  is  chiefly  due  to  carbon  monoxide;  but  in  the  body 
carbon  monoxide  acts  through  combination  with  hemoglobin  and  con- 
sequent asphyxia,  and  not  specificially  upon  nerve  tissue. 

SUMMARY  AND  CONCLUSIONS 

1.  A  technique  is  described  whereby  the  growth  of  in  vitro  cultures 
of  nervous  tissue  from  the  chick  may  be  tested  in  any  desired  atmos- 
phere or  mixture  of  gases. 

2.  Carbon  monoxide  even  in  concentrations  of  79  per  cent  is  found  to 
have  no  ill  effect  upon  growing  nerve  cells.  In  this  respect  this  gas  is 
as  neutral  as  nitrogen. 

3.  niimiinating  gas  has  been  studied  in  like  manner  and  found  to  be 
toxic  for  neuroblast  cultures  in  concentration  of  even  as  little  as  0.1  per 
cent. 
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4.  These  observations  indicate  that  carbon  monoxide  has  no  specific 
reaction  with  nerve  tissue  but  acts  in  the  body  only  through  the  asphyxia 
incident  to  its  combination  with  hemoglobin. 

5.  These  experiments  indicate,  also,  that  illuminating  gas  contains 
another  toxic  substance  or  substances;  but  this  observation  is  not  to  be 
interpreted  as  weighing  against  the  fact,  well  demonstrated,  that  as- 
phyxia from  inhalation  of  illuminating  gas  is  chiefly  due  to  carbon 
monoxide. 

I  wish  to  express  my  thanks  to  Prof.  Yandell  Henderson  for  advice 
and  criticism. 
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Throughout  the  entire  literature  on  splenectomy  is  repeatedly  found 
the  idea  that  increased  appetite  and  decreased  activity  result  from  the 
operation.  In  Richet's  (1)  extensive  experiments  on  the  effects  of 
splenectomy  in  dogs,  he  reported  that  after  the  operation  the  animals 
ate  more  than  ''normal"  dogs  did  but  gained  slightly  less  in  weight. 
When  the  splenectomized  animals  starved,  they  lost  weight  more  rapidly 
than  control  animals  imder  the  same  conditions  and  when  they  failed 
to  continue  to  eat  more  than  control  dogs,  they  finally  died  of  starvation. 
According  to  Richet,  the  splenectomized  animals  maintained  a  body 
temperature  slightly  higher  than  that  of  the  controls  and  showed  a  very 
active  metabolism.  Danoff  (2),  moreover,  concluded  that  although 
the  respiratory  quotient  remained  imchanged,  there  was  an  increase  in 
carbon  dioxide  output  and  oxygen  consumption  after  splenectomy. 
Richet  used  thirteen  animals  some  of  which  he  discarded  for  one  reason 
or  another  when  he  drew  his  conclusions.  The  diet — a,  soup  of  bread, 
milk  and  water  ad  libitum  and  cooked  horse  meat  fed  separately — which 
was  given  by  Richet,  offers  some  difficulty  in  accurate  measurement. 
The  matter  of  normal  and  abnormal  growth  and  the  correlated  food 
intake  is  one  which  must  be  subjected  to  statistical  methods  of  study. 
Hitherto,  in  the  case  of  the  dog,  these  phenomena  have  not  been  meas- 
ured in  sufficiently  numerous  cases  nor  have  the  feeding  conditions  been 
carefully  enough  supervised  to  warrant  drawing  fine  distinctions  between 
normal  and  abnormal  rates  of  growth.  Moreover,  unless  dogs  are  reared 
in  the  laboratory  on  a  definite  feeding  program,  early  habits,  diversity 

>  Part  of  the  expenses  of  the  investigation  was  defrayed  by  a  contribution 
from  the  Russell  H.  Chittenden  Research  Fund  for  Physiological  Chemistry. 

*  This  work  was  reported  at  the  December  (1921)  meeting  of  the  Society 
for  Experimental  Biology  and  Medicine,  New  York, 
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of  previous  treatment  and  variation  in  breed  play  a  large  part  in  their 
behavior  under  experimental  conditions.  Reports  from  the  older  litera- 
ture that  "the  animals  were  increasingly  voracious  after  splenectomy," 
etc.,  must  be  considered  more  as  interesting  observations  than  as  scien- 
tific data.  In  the  case  of  rats,  Prym  (3)  stated  that  increased  appetite 
was  observed;  but  no  data  are  available.  Henn  (4)  likewise  reported 
experiments  on  the  growth  of  rats,  kittens  and  puppies  after  splenectomy 
but  thp  food  intake  of  the  animals  was  not  carefully  controlled. 

It  is  desirable,  therefore,  to  have  more  accurate  information  on  the 
question  of  appetite  and  growth  after  splenectomy.  The  white  rat 
is  an  animal  admirably  suited  to  experiments  on  food  intake  and  growth, 
for  these  have  been  extensively  studied  and  average  curves  for  thousands 
of  individuals  are  available.  In  view  of  the  persistence  of  this  idea  of 
the  relation  of  the  spleen  to  appetite,  we  have  studied  the  effect  of 
splenectomy  on  the  food  intake  and  growth  in  the  white  rat. 

The  animals  were  splenectomized  as  nearly  at  the  a^e  of  40  days  as 
possible.  The  simple  operation  was  done  imder  ether  anesthesia  and 
the  splenic  vessels  were  ligated  en  bloc  with  silk.  Although  the  average 
growth  and  food  intake  curves  of  large  numbers  of  individuals  are 
available  from  other  studies,  it  was  thought  desirable  to  run  control 
animals  imder  the  same  environmental  conditions.  In  the  control  rats 
an  abdominal  incision  was  made  and  the  spleen  drawn  out  and  replaced, 
the  whole  operation  simulating  as  far  as  possible  the  splenectomy. 

The  rats  were  fed  ad  Ubitum  upon  the  diet  of  purified  materials 
described  by  Osborne  and  Mendel  (5).  The  technic  has  been  outlined 
by  Ferry  (6).  Vitamin-B  was  provided  by  0.4  gram  dried  brewery 
yeast  daily,  fed  apart  from  the  other  food.  The  rats  were  weighed 
twice  each  week  and  their  food  intake  was  determined. 

Of  the  first  group  of  rats,  five  were  observed  for  34  weeks  after 
splenectomy;  three  were  observed  for  43  weeks.  All  of  these  animals 
grew  normally  or  above  for  about  the  first  140  days.  In  no  case  was 
this  normal  growth  accompanied  by  consistently  increased  food  intake. 
Usually  our  splenectomized  rats  ate  slightly  less  food  than  indicated 
by  the  curves  for  the  food  intake  of  normal  rats. 

From  about  the  140th  day  on,  a  marked  change  occurred  in  growth 
rate  of  the  male  rats  of  both  the  experimental  and  the  control  groups. 
The  increments  in  body  weight  were  smaller  than  expected  and  con- 
tinued so  imtil,  at  the  end  of  the  experiment  at  the  age  of  240  days,  the 
male  rats  were  from  50  to  75  grams  below  the  normal  average  weight 
for  this  age  according  to  Osborne  and  Mendel  (7).    Rats  8  and  10,  both 
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splenectomized  males,  were  exceptions  in  that  they  continued  growing 
at  the  normal  rate  for  210  days  before  they  declined.  In  both  these 
animals  the  food  intake  after  the  200th  day  was  slightly  above  that  of 
our  controls.  Unfortunately,  average  normal  food  curves  were  im- 
obtainable  for  this  advanced  age  in  rats. 

Better  growth  rate  was  observed  with  the  female  rats.  Three  of  the 
four  splenectomized  females  grew  at  a  rate  above  normal  during  their 
entire  life.  The  fourth  (rat  4)  declined  very  slowly  from  the  160,th  day 
being,  however,  only  25  grams  below  the  average  normal  weight  at  the 
240th  day.  None  of  these  splenectomized  females  ate  appreciably 
more  food  than  did  the  controls  nor  more  than  that  indicated  by  the 
average  food  intake  of  normal  animals  on  the  same  ration. 

Rats  7  and  15,  two  of  the  splenectomized  females,  were  mated  with  a 
splenecotmized  male  (rat  8)  and  raised  Utters.  The  young  were  ap- 
parently normal.  Rat  15  raised  seven  of  a  litter  of  eight  and  rat  7 
raised  three  of  a  litter  of  eight,  the  remainder  being  killed  because  of 
poor  condition.  Eight  of  these  "second  generation''  rats  were  sple- 
nectomized and  their  growth  and  food  consimiption  Ukewise  observed 
for  160  days.  Here  again  all  of  these  animals  grew  at  a  rate  equal  to 
or  sUghtly  greater  than  that  indicated  by  the  normal  average  curves. 
The  rate  of  food  intake  was  equal  to  or  very  slightly  less  thajp  what  was 
expected. 

From  these  observations  on  splenectomized  rats  and  on  their  sple- 
nectomized progeny,  there  is  no  indication  whatever  of  an  increased  appe- 
tite as  a  result  of  the  removal  of  the  spleen.  The  animals  grew  at  the  same 
rate  on  the  same  food  intake  as  did  the  control  rats,  imtil  the  140th 
day,  as  was  indicated  by  the  average  normal  curves  for  growth  and  food 
intake.  The  data  obtained  from  these  experiments  seem  to  present 
conclusive  evidence  against  the  idea  that  the  presence  or  absence  of 
the  spleen  plays  a  part  in  affecting  the  nutritive  requirements  of  the 
white  rat.  These  results  on  the  nutrition  of  the  rat  after  splenectomy 
harmonize  with  those  of  Goldschmidt  and  Pearce  (8)  and  of  Paton  (9) 
who  studied  the  metaboUsm  of  the  dog  after  splenectomy. 

Among  the  many  f imctions  attributed  to  the  spleen  has  been  the  one  of 
altering  the  blood.  In  the  older  Uterature  there  are  many  conflicting 
results  on  the  blood  after  splenectomy,  anemia  being  reported  in  some 
cases  and  not  in  others.  The  extensive  work  of  Pearce  (10)  and  his 
associates  on  splenectomized  dogs  seems  to  point  to  a  definite  anemia 
of  varjdng  degrees  of  severity  and  of  varying  duration.  Furthermore, 
the  increased  resistance  of  the  erythrocytes  of  splenctomized  animals 
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to  hemolysis  by  h3rpotoiiic  solutions  has  been  reported  repeatedly.  On 
the  other  hand,  Paton,  GuUand  and  Fowler  (11),  working  on  dogs,  cats 
and  rabbits,  found  no  effect  on  the  blood  picture  following  splenectomy. 
Wolferth  (12)  reported  a  sUght  transient  anemia  following  the  splenecto- 
my in  white  rats. 

Erythrocyte  counts  were  made  in  five  of  our  splenectomized  rats 
whose  parents  had  likewise  been  splenectomized.  The  end  of  the  tail 
was  cUpped  and  the  blood  sample  was  taken  when  the  blood  oozed  out 
freely.    As  will  be  seen  from  the  table,  counts  were  made  before  sple- 


TABLE  1 

RAT  19 

BAT  20 

RAT  23 

RAT  24 

RAT  25 

>» 

t 

>» 

>t 

1 

II 

Red  count 

If 

Red  count 

^1 

Red  count 

^1 

Red  count 

^1 

Red  count 

5- 

aB  a 

«8  a 

1^ 

|i 

6,080,000 

6,180,000 

8,530,000 

8,370,000 

8,290,000 

8 

7,080,000 

8 

6,450,000 

4 

7,800,000 

4 

8,630,000 

4 

7,430,000 

11 

7,470,000 

11 

7,150,000 

9 

7,670,000 

9 

7,600,000 

9 

7,300,000 

16 

7,350,000 

16 

7,200,000 

16 

8,500,000 

16 

8,640,000 

16 

9,000,000 

21 

7,800,000 

21 

7,680,000 

19 

8,390,000 

19 

7,910,000 

19 

7,410,000 

28 

7,300,000 

28 

7,710,000 

23 

8,420,000 

23 

7,560,000 

23 

8,370,000 

31 

31 

8,160,000 

26 

8,640,000 

26 

26 

7,660,000 

35 

8,510,000 

35 

8,250,000 

30 

8,850,000 

30 

7,800,000 

30 

8,190,000 

38 

7,640,000 

38 

7,180,000 

33 

8,310,000 

33 

8,370,000 

33 

8,480,000 

42 

8,180,000 

42 

7,560,000 

37 

8,860,000 

37 

8,250,000 

37 

8,970,000 

45 

7,870,000 

45 

8,030,000 

41 

8,500,000 

41 

8,430,000 

41 

8,780,000 

49 

7,930,000 

49 

7,670,000 

45 

8,230,000 

45 

8,020,000 

45 

8,860,000 

52 

7,920,000 

52 

7,820,000 

48 

8,900,000 

48 

8,500,000 

48 

8,950,000 

56 

8,060,000 

56 

7,770,000 

50 

8,050,000 

59 

7,830,000 

nectomy,  4  to  7  days  after  splenectomy,  a  week  later,  and  then  every 
4  days  imtil  7  weeks  after  splenectomy.  It  was  hoped  thus  to  detect 
blood  changes  occurring  within  2  weeks  and  especially  those  occurring 
from  3  to  6  weeks  after  splenectomy  at  which  time,  according  to  Pearce, 
the  anemia  in  dogs  reaches  its  maximum  severity.  The  values  for  the 
red  cell  count  are  somewhat  variable,  but  in  no  case  was.  there  an  im- 
mistakable  anemia  after  removal  of  the  spleen.  There  was  a  mere  sug- 
gestion of  a  decrease  in  rats  25  and  23  but  even  in  these  animals  the  effect 
was  transient  and  of  small  magnitude. 
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In  experiments  conducted  in  this  laboratory,  Ceiling  and  Green  (13) 
reported  that,  after  hemorrhage,  splenectomized  rats  regenerate  their 
blood  in  normal  time.  These  facts  taken  together  with  our  observa- 
tions make  it  appear  doubtful  that  removal  of  the  spleen  in  the  white 
rat  results  in  changes  of  appreciable  magnitude  in  the  erythrocyte 
count. 

Rats  7, 10,  and  15  were  sent  to  Dr.  Donaldson  of  The  Wistar  Institute 
who  kindly  examined  them  for  any  structural  changes  resulting  from 
splenectomy.  The  organs  and  bones  were  normal  in  weight  and  meas- 
urement and  showed  no  effect  of  splenectomy.  The  marrow  of  the 
bones  of  rats  7  and  10,  animals  which  had  been  bled  small  amounts 
for  blood  counts  and  hemoglobin  estimations  for  a  short  time  after 
splenectomy,  showed  the  expected  change  from  yellow  to  red  while 
the  bones  of  rat  15  did  not  show  this  change. 

SUBfMART 

A  study  of  the  body  weight  and  food  intake  of  the  white  rat  after 
splenectomy  gave  no  evidence  of  an  increase  in  appetite  or  variation 
from  the  normal  rate  of  growth. 

A  study  of  the  red  cell  coimt  on  five  splenectomized  rats  which  were 
the  progeny  of  splenectomized  parents  showed  no  anemia  followed  the 
removal  of  the  spleen. 
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Experimental  work  of  recent  years  has  indicated  that  the  adrenal 
medulla  is  not  essential  to  life  (1).  Operations  in  which  all  of  the 
medulla  of  a  single  remaining  adrenal  has  been  destroyed  have  pro- 
duced no  specific  symptoms. 

Although  it  has  been  shown  experimentally  that  epinephrin,  the 
secretion  of  the  medulla,  can  modify  the  activity  of  many  tissues  in 
the  body,  the  question  as  to  how  much  this  takes  place  normally  is 
unanswered. 

Stewart  and  Rogoff  (2)  have  been  unable  to  show  that  a  reduction  of 
the  epinephrin  output  to  7^7  of  the  normal  or  less  produces  any  differ- 
ence in  the  animal.  In  view  of  the  very  suggestive  emergency  theory 
of  Cannon  (3)  it  would  be  interesting  to  know  whether.such  animals  as 
those  just  mentioned  could  meet  conditions  of  stress  as  well  as  normal 
animals.  So  far  as  we  know  the  animals  of  Stewart  and  Rogoff  were 
permitted  to  lead  a  quiet  life  as  most  laboratory  animals  do. 

We  have  tested  the  ability  to  work  and  to  withstand  fatigue,  and 
in  one  instance  the  effect  of  pregnancy,  in  animals  with  a  reduced 
epinephrin  output. 

We  have  obtained  evidence  that  animals,  with  but  one  adrenal  and 
that  denervated,  do  not  possess  the  endurance  of  normal  animals.  Our 
results  with  the  denervated  pupil  suggest  that  this  is  due  to  an  in- 
sufficient supply  of  epinephrin. 

Care  of  animaU.  Many  of  oiu*  animals  were  observed  for  some  time 
and  were  tested  before  the  operation.  In  most  instances  the  removal 
of  one  adrenal  and  denervation  of  the  other  took  place  at  one  operation, 
the  abdominal  path  being  used.  Every  possible  precaution  was  taken 
to  prevent  infection,  the  regular  hospital  routine  being  followed.  The 
animal  was  carefully  protected  by  sterile  cotton  and  an  abdominal 

^  This  study  was  aided  by  a  grant  from  the  Research  Fund  of  the  American 
Association  for  the  Advancement  of  Science. 

255 


Digitized  by 


Google 


256  F.   A.   HARTMAN,   R.   H.   WAITE  AND   E.    F.    POWELL 

bandage  in  the  form  of  a  jacket  with  openings  for  the  four  feet.  Pri- 
mary infections  were  absent.  If  secondary  infection  occurred,  which 
was  imcommon,  the  experiment  was  discontinued  except  where  the 
infection  yielded  readily  to  antiseptic  treatment. 

The  animals  were  fed  with  boiled  liver,  milk  or  bread  and  milk, 
occasionally  table  scraps  and  yeast  at  intervals.  Even  kittens  thrived 
upon  this  diet. 

They  were  housed  in  a  large,  well-lighted  room  connecting  with  a 
large  outdoor  enclosure.  They  were  permitted  to  roam  at  will  through 
this  room  and  enclosure. 

Treadmill  for  fatigue.  The  apparatus  for  fatiguing  animals  consisted 
of  a  wooden  treadmill  with  an  inside  diameter  of  31  inches  and  an  in- 
side width  of  11  inches.  The  treading  surface  was  composed  of  slats 
placed  far  enough  apart  for  ventilation.  The  sides  were  covered  in- 
ternally with  transparent  celluloid  to  keep  the  animal  from  clinging  to 
the  wire  gauze.  Access  to  the  inside  was  by  means  of  a  door  in  the 
circumference.  It  was  arranged  so  that  at  each  revolution  of  the  mill 
an  electrical  contact  was  made.  A  signal  magnet,  for  a  kymograph 
record,  and  an  electrical  counter  were  connected  in  the  circuit.  In 
some  instances  an  electric  farl  was  directed  toward  the  tread  in  order  to 
increase  the  ventilation. 

The  mill  was-tumed  by  means  of  a  crank  so  that  the  operator  could 
vary  the  rate  or  change  the  direction  to  suit  the  whim  of  the  animal  or 
the  condition  of  fatigue.  It  was  found  from  experience  that  by  care- 
fully watching  the  animal  and  varjring  the  speed  to  accommodate  it  and 
also  changing  the  direction  when  it  appeared  tired  of  pacing,  much  more 
work  could  be  obtained.  With  practice  it  is  possible  to  induce  many 
cats  to  work,  which  ordinarily  refuse  to  work  in  the  mill. 

There  are  cats  which  never  work  satisfactorily  in  the  treadmill 
either  from  cliunsiness  or  obstinacy.  This  must  be  considered  in  the 
tests. 

The  treadmill  method  was  f oimd  to  be  more  satisfactory  than  leading 
an  animal  around  the  room  because  when  the  animal  becomes  slightly 
fatigued  or  is  disinclined  to  work  he  permits  himself  to  be  dragged  and 
does  Uttle  work.  In  the  treadmill  the  stimulus  for  work  is  greater  and 
much  more  work  is  done  in  a  unit  of  time  than  in  walking  on  the  level. 

Observations.  A  period  of  ill  health  greater  than  that  in  controls 
sometimes  follows  removal  of  one  adrenal  and  denervation  of  the  other. 
This  stage  is  characterized  by  loss  of  appetite,  loss  of  weight,  change  in 
behavior  and  in  some  cases  a  lowered  temperature.    Diarrhea  is  conmion 
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but  seems  to  be  due  to  cutting  the  splanchnic  nerve,  for  it  is  produced 
in  operations  where  only  the  splanchnic  nerve  is  cut.  The  following 
gives  briefly  a  comparison  of  denervated  adrenal  animals  and  control 
animals. 


CAT 
KUMBKB 


WBXGBT  LO0T 


DATS  TO  BBQAIN  WBIOBT 
FROM  TIME  OF  OPBRATZOK 


One  adrenal  removed,  other  denervated 


101 

17%  in  13  days 

35  to  regain  all 

Normal 

103 

29%  in  16  da3rs 

28  to  regain  all 

Normal 

104 

36%  in  29  days 

36  to  regain  7% 

36.6*  Cat  29  days 

(accidenUy  killed) 

normal  at  37  days 

105 

21%  in  12  days 

60  to  regain  5% 

37*  C.  at  14  days 
normal  at  19  days 

111 

14.3%  in  16  days 

41.to  regain  11.6% 

Normal 

One  semilimar  ganglion  removed 


102 


6.0%  in  9  days 


12  to  regain  all 


Normal 


One  semilimar  ganglion  removed  opposite  adrenal  manipulated 


108 


12.0%  in  4  days 


14  to  regain  all 


Normal 


One  adrenal  removed,  adrenal  vein  tied  on  other  side 


109 


10%  in  30  days  47  to  regain  all 


Normal 


Semilimar  ganglion  disseeted  free  except  from  splanchnic  and  capped  with  rubber 


123 


6.8%  in  20  days 


Although  it  would  require  a  large  number  of  animals  to  reach  a  definite 
conclusion  our  animals  from  which  one  adrenal  had  been  removed  and 
in  which  the  nerves  to  the  other  gland  had  been  cut,  certainly  were 
affected  more  than  the  controls.  The  greater  loss  in  weight,  subnor- 
mal temperature  and  change  in  behavior  might  be  accoimted  for  by 
the  decreased  adrenal  function,  the  recovery,  by  regeneration  of  the 
nerves  and  a  consequent  increase  in  function. 

The  ability  of  all  animals  to  work  and  to  withstand  fatigue  has  been 
tested  by  the  treadmill.  In  our  later  work  we  used  the  denervated 
eye  as  a  possible  test  for  epinephrin  in  the  work  tests.  The  following 
evidence  indicates  that  this  test  can  be  used  for  epinephrin  output  in 
fatigue.  This  is  based  upon  the  most  reasonable  interpretation  of  our 
observations  which  follow. 
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The  denervated  eye  reaction  as  a  test  for  epinephrin  in  fatigue.  If 
an  animal,  from  which  one  of  the  superior  cervical  ganglia  has  been 
removed,  is  caused  to  work  in  a  treadmill,  after  a  few  minutes  the 
denervated  pupil  becomes  larger  than  the  control  pupil.  This  might 
be  due  to  inhibition  of  the  tonic  activity  of  the  ciliary  nerve  or  it  might 
be  due  to  the  action  of  an  increased  output  of  epinephrin  from  the  ad- 
renals. Meltzer  and  Auer  (20)  have  shown  that  the  sensitivity  of  the 
pupil  reaction  to  epinephrin  is  increased  very  much  above  normal  by 
previous  removal  of  the  superior  cervical  ganglion. 

In  some  animals  the  response  of  the  denervated  eye  develops  more 
easily  than  in  others.  We  chose  a  cat  in  which  there  was  always  a  good 
dilatation  of  the  denervated  pupil  as  compared  to  the  control,  within 
two  or  three  minutes  after  beginning  the  work  in  the  treadmill.  This 
dilatation  continued  throughout  the  test.  The  right  adrenal  had  been 
removed  twenty-five  days  previously.  The  remaining  adrenal  was 
removed  through  as  small  an  opening  as  possible  by  the  lumbar  path. 
On  the  morning  following  this  operation,  although  the  cat  worked  for 
one  hour  in  the  treadmill,  traveUing  728  m.,  no  dilatation  of  the  de- 
nervated pupil  occurred  throughout  the  experiment,  this  pupil  being 
smaller  than  the  control  at  all  times  as  in  a  condition  of  rest.  In 
the  afternoon  of  the  same  day  a  further  test  of  430  m.  failed  to  pro- 
duce a  positive  pupil  reaction.  Yet  previous  to  the  removal  of  the 
second  adrenal  a  good  dilatation  of  the  denervated  pupil  occurred  in- 
variably within  two  to  three  minutes  and  fifty  or  more  meters.  Ap- 
parently taking  out  the  second  adrenal  removed  the  cause  of  dilatation 
of  the  denervated  pupil  which  occurs  during  muscular  activity.  On  the 
other  hand  the  denervated  pupil  could  be  made  to  dilate  by  painful 
stimulation  (tetanizing  current  applied  to  saline  soaked  ear)  or  by 
partial  asphjrxia  (occlusion  of  trachea). 

In  another  cat  which  usually  gave  a  good  dilatation  of  the  denervated 
pupil  beginning  five  minutes  after  the  work  in  the  mill  started  and 
gradually  increasing  throughout  the  test,  after  the  removal  of  one 
adrenal  and  denervation  of  the  other,  repeated  tests  failed  to  give  the 
denervated  pupil  reaction.  However,  one  hundred  and  sixty-eight  days 
after  the  operation  the  fatigue  test  again  elicited  dilatation  of  the  dener- 
vated pupil  although  the  reaction  developed  more  slowly  and  less 
intensively  than  before.  The  adrenal  was  again  exposed  and  found 
to  be  connected  with  nerve  fibers  from  the  splanchnic  nerve.  These 
were  destroyed.  Later  repeated  fatigue  tests  failed  to  elicit  dilatation 
of  the  denervated  pupil. 
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Knowing  the  affect  of  epinephrin  upon  the  denervated  pupil  it  is 
most  reasonable  to  suppose  that  the  dilatation  of  the  denervated  pupil 
during  work  is  due  at  least  in  large  part  to  an  increase  in  the  epinephrin 
output. 

Relation  of  the  denervaied  pupil  reaction  to  the  work  performed.  A 
cat  which  shows  a  good  dilatation  of  the  denervated  pupil  accompanying 
work  in  the  treadmill  is  able  to  do  more  work  thsLn  it  can  when  such 
dilatation  is  absent. 

Although  dilatation  of  the  denervated  pupil  occurred  with  great 
diflSculty  in  cat  101,  bursts  of  fast  work  were  usually  accompanied  by 
dilatation  of  the  denervated  pupil.  Moreover  the  animal  was  able  to 
travel  only  728  m.  when  there  was  no  accompanying  dilatation  of  the 
denervated  pupil,  while  on  the  same  day  when  a  certain  amount  of 
denervated  pupil  dilatation  accompanied  the  test,  the  animal  travelled 
1438  m. 

Cat  103  likewise  was  able  to  travel  only  855  m.  when  no  dilatation 
of  the  denervated  pupil  accompanied  the  test,  but  in  the  afternoon  of 
the  same  day  was  able  to  go  1800  m.  when  there  was  some  dilatation  of 
the  denervated  pupil.  In  a  similar  manner  spurts  of  work  were  attended 
by  increases  in  the  dilatation  of  the  denervated  pupil.  This  animal 
later  (two  himdred  and  fifty-seven  days  after  cutting  nerves  to  adrenal) 
recovered  the  denervated  pupil  response  so  that  it  was  easily  elicited 
in  the  treadmill.  The  farther  it  travelled  the  greater  became  the  dila- 
tation. At  this  time  it  was  able  to  travel  3720  m.  in  the  treadmill  and 
there  was  no  sign  of  convulsions,  in  fact  it  could  have  gone  farther. 
This  striking  change  can  only  be  accounted  for  by  a  regeneration  of  the 
nerves  to  the  adrenal. 

Whenever  Cat  105  worked  well  in  the  treadmill  the  denervated  pupil 
became  dilated,  especially  accompanying  spurts  of  work.  From  the 
time  that  the  animal  was  first  tested  as  to  the  pupil  reaction  (fifty- 
three  days  after  removal  of  one  adrenal  and  cutting  the  nerves  to  the 
other)  the  denervated  pupil  always  showed  some  response  which  we 
thought  might  be  explained  by  regeneration  of  the  nerve  fibers.  At 
autopsy  (sixty-one  days  after  adrenal  operation)  this  appeared  to  be 
the  case  because  nerve  fibers  again  connected  the  semilunar  ganglion 
with  the  adrenal. 

Cat  111  also  demonstrates  the  intimate  association  of  work  power 
with  adrenal  activity.  At  first  when  the  adrenals  were  intact  every 
test,  except  one,  eUcited  a  good  pupil  reaction.  In  this  one  test  the 
pupil  reaction  was  entirely  absent.    The  cat  was  able  to  travel  only 


Digitized  by 


Google 


260  F.  A.   HARTBiAN,   R.  H.   WAITE  AND  E.   F.   POWELL 

741  m.  because  of  the  appearance  of  convulsions.  But  on  the  after- 
noon of  the  same  day  in  which  this  test  was  made,  the  cat  when  tried  in 
the  treadmill  gave  an  excellent  pupil  dilatation  and  travelled  2240  m. 
Even  that  was  not  the  limit  of  possible  work.  The  denervated  pupil 
dilated  more  and  more  as  the  work  progressed  imtil  the  stage  of  marked 
dilatation  was  reached.  Spurts  of  work  were  attended  by  increases  in 
the  dilatation.  Soon  after  removal  of  the  right  adrenal  and  of  the 
left  semilunar  ganglion,  the  cat  refused  to  work  well  at  any  time,  Uke- 
wise  dilatation  of  the  denervated  pupil  was  absent.  However,  one 
hundred  and  sixty-eight  days  after  the  latter  operation  work  in  the 
treadmill  was  accompanied  by  moderate  dilatation  of  the  denervated 
pupil.  The  accompanying  work  was  an  improvement  but  not  so  good 
as  that  obtained  before  the  adrenal  operation. 

The  remaining  adrenal  was  again  exposed.  Nerves  had  regenerated 
from  the  splanchnic  to  the  adrenal.  These  were  cut.  Tested  later, 
the  animal  refused  to  work  well  although  sufficiently  to  elicit  a  good 
dilatation  of  the  pupil  under  normal  conditions,  yet  dilatation  was 
entirely  absent. 

In  another  cat  which  possessed  but  one  adrenal  and  that  denervated, 
a  good  eye  reaction  was  obtained  accompanying  work.  At  autopsy, 
nerve  fibers  were  found  connecting  the  splanchnic  with  the  adrenal. 

Cats  possessing  at  least  one  normal  adrenal  give  dilatation  of  the 
denervated  pupil  after  working  in  the  treadmill  a  short  time.  This 
was  true  for  13  normal  animals  which  we  tested.  In  only  two  cats, 
one  instance  in  each  case,  did  such  dilatation  fail  to  appear.  However 
these  cats  when  tested  at  other  times  gave  good  dilatation  of  the  dener- 
vated pupil. 

Denervated  eye  reaction  in  convulsions  caused  by  fatigue.  Most  cats, 
which  work  hard  in  the  treadmill  and  at  the  same  time  give  a  good  dener- 
vated pupil  dilatation,  show  no  ill  effects  beyond  a  marked  appearance  of 
fatigue  even  if  they  travel  far.  On  the  other  hand  when  the  denervated 
pupil  fails  to  dilate  during  the  development  of  fatigue,  if  the  animal  is 
required  to  travel  far,  convulsions  often  occur.  At  least  these  are  the 
results  in  our  cases. 

In  cats  with  intact  adrenals  fatigue  convulsions  are  difficult  to 
obtain.  One  good  example  of  such  a  case  however  is  found  in  our 
cat  111  in  which  both  adrenals  were  intact.  On  March  19,  at  12  m. 
the  cat  travelled  780  m.  in  forty-one  minutes  giving  a  good  dilatation  of 
the  denervated  pupil.  At  3  p.m.  of  the  same  day  a  ten  minute  test 
of  111  m.  Ukewise  produced  a  good  denervated  pupil  dilatation. 
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Two  days  later  at  9  a.m.  the  cat  was  required  to  travel  741  m.  in 
fifty-one  minutes,  the  test  being  terminated  by  convulsions.  There 
was  no  dilatation  of  the  denervated  pupil  throughout  the  test.  Seven 
hours  later,  on  being  tested  in  the  treadmill,  the  denervated  pupil 
began  to  dilate  after  the  first  few  minutes  of  work,  becoming  larger 
and  larger  as  time  went  on.  At  fifty-six  minutes  there  was  a  very 
active  period  in  which  the  animal  paced  very  rapidly  for  many  revolu- 
tions. This  was  accompanied  by  a  still  greater  dilatation  of  the  de- 
nervated pupil.  The  animal  continued  to  work  until  it  had  travelled 
2240  m.  in  two  hours,  the  denervated  pupil  being  extremely  dilated  at 
that  time.  The  cat  was  now  weak  but  could  have  continued  its  work 
longer.  This  animal  travelled  faster  and  three  times  farther  when 
there  was  a  good  dilatation  of  the  pupil  as  compared  to  the  test 
with  absence  of  denervated  pupU  dilatation.  Moreover  convulsions 
appeared  in  the  latter  but  were  entirely  absent  in  the  former  test. 
Repeated  attempts  have  not  been  able  to  produce  convulsions  in  this 
animal  since  the  time  mentioned  above. 

In  some  cats  with  but  a  single  adrenal,  and  that  denervated,  convul- 
sions were  very  easily  produced  by  fatigue.  (See  protocols  for  cats 
101  and  103.)  In  cat  101,  five  out  of  eighteen  tests  ended  in  convul- 
sions and  in  only  one  of  these,  the  last,  was  there  any  evidence  of 
dilatation  of  the  denervated  pupil  (i.e.,  so  that  the  denervated  pupil  was 
larger  than  the  control).  This  last  test  was  made  two  hundred  and 
seventy  days  after  the  primary  adrenal  operation,  allowing  ample 
time  for  regeneration  of  nerve  fibers  and  perhaps  accounting  for  the 
dilatation  which  did  occur.  This  dilatation,  however,  was  very  tardy 
and  not  very  marked. 

In  cat  103,  out  of  six  tests  within  sixty-four  days  following  the  adrenal 
operation,  three  were  terminated  by  convulsions.  In  none  of  the  three 
was  there  dilatation  of  the  denervated  pupil.  Yet  two  hundred  and 
five  days  later,  this  cat  travelled  3720  m.  in  one  test  without  showing 
any  evidences  of  convulsions.  This  is  nine  times  as  far  as  it  usually 
travelled  in  the  tests  during  the  period  when  convulsions  were  easily 
produced.  This  test  was  accompanied  by  a  very  marked  dilatation 
of  the  denervated  pupil.  Ample  time  for  the  regeneration  of  nerve 
fibers  had  elapsed. 

All  cats  with  a  single  adrenal  and  that  denervated  do  not  give 
convulsions  upon  testing  in  the  treadmill.  Some  lack  aggressiveness 
to  the  extent  that  they  cannot  be  made  by  any  means  to  work  hard. 
If  the  animal  does  not  work  hard  the  conditions  which  produce  convul- 
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sions  never  develop.  This  is  true  even  in  the  entire  absence  of  adrenals. 
Here  the  animal  which  we  have  tried  lacks  the  staying  power  to  carry 
it  to  the  point  of  fatigue  where  convulsions  might  develop.  Our  ob- 
servations lead  us  to  the  conclusion  that  fatigue  accompanied  by  well 
marked  dilatation  of  the  denervated  pupil  is  scarcely  ever  followed 
by  convulsions. 

FatigiLe  contndaions.  The  convulsions  which  resulted  from  work  in 
the  treadmill  were  caused  by  fatigue  and  not  by  dizziness.  As  proof 
that  the  latter  was  not  a  factor,  cat  103,  at  the  period  when  convulsions 
were  easily  produced,  was  tied  to  the  tread  of  the  mill,  the  mill  then 
being  rotated.  The  cat  with  head  free  was  enclosed  by  a  bag  so  that 
it  could  obtain  the  visual  effects  of  the  movement.  The  cat  was  rotated 
1250  m.  in  seventy-one  minutes.  At  no  time  was  there  any  sign  of 
discomfort,  and  there  was  never  an  indication  of  convulsions.  We 
have  conclusive  evidence  as  to  the  cause  of  these  convulsions,  in  the 
fact  that  they  are  never  obtained  except  following  hard  work. 

Although  fatigue  appears  to  be  the  cause,  we  do  not  know  the  manner 
in  which  this  brings  about  convulsions.  Perhaps  fatigue  products 
play  a  part  in  their  onset  because  even  though  you  stop  the  work  im- 
mediately upon  the  first  sign  of  twitching,  the  convulsions  develop  to 
their  maximal  extent.  (See  protocol,  cat  103.)  Or  it  might  be  a  more 
purely  nervous  phenenomon,  with  fatigue  products  as  accessory  factors. 

The  usual  course  of  events  is  as  follows:  The  cat  begins  to  twitch 
and  jerk  in  a  few  muscles;  this  activity  spreads  and  the  intensity  in- 
creases imtil  virtually  the  whole  musculature  undergoes  spasmodic 
contraction,  the  animal  lying  on  its  side.  There  is  also  marked  sali- 
vation, maximal  dilatation  of  both  pupils  and  dyspnea  accompan3ring 
the  later  stage.  The  duration  of  the  convulsions  is  usually  about 
ninety  seconds.  Convulsions  are  followed  by  nervousness  in  some  cats 
but  with  little  apparent  change  in  others  except  the  prostration  of 
fatigue.    No  ill  effects  seemed  to  result  in  any  instance. 

We  have  been  able  to  produce  these  convulsions  in  but  two  normals 
and  only  once  in  each.  Two  other  cats  showed  convulsive  movements 
but  not  the  typical  convulsions  with  prostration.  In  all  we  have  tested 
19  normal  animals.  In  the  two  instances  of  convulsions  the  denervated 
pupil  was  smaller  than  the  control  up  to  the  appearance  of  convulsions. 
These  two  cats  gave  good  dilatation  of  the  denervated  pupil  in  other 
tests  and  there  were  no  convulsions. 

Thirteen  of  the  19  normal  animals  had  the  superior  cervical  ganglion 
removed  on  one  side.    During  work  in  the  treadmill  all  of  these  gave 
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greater  dilatation  of  the  denervated  pupil  than  the  control  except 
in  the  two  instances  above  mentioned. 

Of  five  animals  which  possessed  but  a  single  adrenal,  and  that  de- 
nervated, two  (no.  101  and  no.  103)  gave  Uttle  or  no  dilatation  of 
the  denervated  pupil  when  worked  in  the  mill  and  in  these  convulsions 
could  be  obtained  repeatedly  by  fatiguing  in  the  mill.  Convulsions 
were  never  caused  in  the  other  three,  one  always  responded  by  a  good 
denervated  pupil  reaction  while  the  other  two  refused  to  work  very 
hard.  One  of  the  latter  also  gave  a  fair  denervated  pupil  reaction  at 
times,  while  the  second  did  not  have  a  denervated  pupil. 

Because  convulsions  appeared  only  when  there  had  been  little  evi- 
dence of  epinephrin  preceding  them  and  because  they  appeared  to  be 
due  to  something  suddenly  released  into  the  system,  we  have  at- 
tempted to  produce  convulsions  in  animals  by  the  injection  of  toxic 
doses  of  epinephrin. 

Lethal  doses  of  adrenalin  were  injected  into  two  kittens  and  one 
adult  cat  but  no  evidence  of  convulsions  appeared  in  any  one  of  these. 

Two  guinea  pigs  were  tried  as  follows: 


a.m. 


Protocol,  guinea  pig,  695  grams 


10:25.  Injected  0.1  cc.  1 :  1000  adrenalin  into  oar  vein. 

10:31.  Injected  0.1  cc.  1 :  1000  adrenalin  into  ear  vein. 

10:34.  Injected  0.15  cc.  1 :  1000  adrenalin  into  ear  vein. 

10:36.  Spasmodic  breathing,  gasping  but  no  convulsions. 

10:39.  Still  breathing  in  gasps. 

10:41.  Died.    No  convulsions. 

Protocol,  guinea  pig  700  grams 

10:49.  Injected  0.1  cc.  1 :  1000  adrenalin  into  ear  vein. 

10:50.  Begins  to  quiver. 

10:54.  Does  not  move  quickly  when  touched. 

11 :06.  0.1  cc.  1 :  1000  adrenalin  injected  into  ear  vein. 

11.^.  Lies  down. 

11:00.  Dyspnea. 

11:23.  Restless. 

11 :25.  Few  spasmodic  contractions  of  whole  body. 

1 1 : 28 .  Spasmod ic  contractions  again . 

11 :30.  Spasms  more  pronounced. 

11:31.  Urinated. 

11:35.  Spasmodic  contractions,  which  recurred  at  intervals  of  2  or  3  minutes 
imtil  they  become  quite  severe. 

p.m. 

12 :08.  Spasms  less  frequent  and  less  severe. 

12:33.  Spasms  still  appearing. 
Animal  recovered. 
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On  the  next  day,  3  intravenous  injections  (1:1000  adrenalin)  of  0.1 
cc.  each  given  at  11:36,  11:41  and  11:43  a.m.,  respectively,  failed  to 
produce  spasms.  It  seems  impossible  that  epinephrin  might  be  sud- 
denly increased  to  this  extent  in  animals  having  but  a  single,  more  or 
less  denervated  adrenal.  Likewise  epinephrin  convulsions  seem  to 
be  rarely  obtained. 

Protocol f  cat  101,  After  having  kept  this  animal  under  observation  for  one 
month,  the  right  adrenal  and  the  left  semilunar  ganglion  were  removed  by  the 
lumbar  route.  Before  the  operation,  tests  were  carried  out  in  the  treadmill  but 
not  to  the  point  of  great  fatigue,  e.g. .,  in  one  test  370  m.  were  covered  in  5i 
minutes,  in  another  411  m.  in  10  minutes. 

17  days  after  operation.  Wound  healed,  cat  travcRed  332  m.  in  6  minutes. 
Tired. 

18  days  after  operation .    Travelled  180  m .  in  5 .5  minutes . 

19  days  after  operation.  Travelled  358  m.  in  12  minutes;  so  completely 
fatigued  that  it  could  neither  keep  pace  nor  hold  on  to  the  tread. 

20  days  after  operation.    Travelled  488  m.  in  17  minutes. 

21  days  after  operation.  Travelled  a  total  of  525  m.  in  two  work  periods. 
Approximately  equal  in  time  (5  minutes)  and  distance  but  30  minutes  rest  between. 

23  days  after  operation.  Travelled  1590  m.  in  three  periods  of  about  19  minutes 
each  and  one  had  4  hours  rest  periods  between. 

25  days  after  operation.  Travelled  515  m.  in  10  minutes  after  30  minutes  rest, 
travelled  an  additional  515  m.  in  16  minutes.  The  second  period  was  terminated 
by  convulsions  following  which  the  cat  raced  around  the  room  four  times  and 
then  relaxed,  tremors  persisting  in  the  forelegs. 

27  days  after  operation.    Travelled  528  m.  in  18  minutes. 

30  days  after  operation.  Travelled  764  m.  in  16  minutes  contfuUions  terminat- 
ing the  test. 

32  days  after  operation.    Travelled  755  m.  in  18  minutes. 

47  days  after  operation.  Travelled  423  m.  in  6  minutes.  Two  hours  later 
travelled  545  m.  in  15  minutes.  Seven  hours  after  first  test,  cat  travelled  473  m. 
in  28  minutes,  conwlsions  at  close. 

52  days  after  operation  1,  removed  the  left  superior  cervical  ganglion. 

65  days  after  primary  operation  again  tested  in  the  mill.  At  9  a.m.  after  21 
minutes,  660  m.  the  cat  held  weakly  to  the  slats  being  unwilling  to  make  the  effort  of 
pacing. 

At  26  minutes,  728  m.  very  marked  convulsions  which  lasted  90  seconds.  After 
convulsions  had  ceased  the  cat  whined  and  was  extremely  irritable  so  that  if 
disturbed  she  jumped  about  irrationally.  When  imdisturbed  she  showed  spas- 
modic jerks.  There  was  no  dilatation  of  the  denervated  pupil  up  to  the  time  of 
the  convulsions. 

At  3:3()  p.m.  cat  again  in  treadmill.  This  time  the  denervated  pupil  occa- 
sionally dilated  to  the  size  of  the  control  pupil.  The  animal  after  16  minutes, 
302  ra.,  could  do  nothing  but  slide  and  hold  feebly  to  the  slats  until  1  hour,  1300  m., 
when  there  was  a  burst  of  working  power,  the  cat  pacing  138  m.  very  rapidly 
without  cessation.  Following  this  the  denervated  pupil  was  larger  than  the 
control.    Test  stopped  at  70  minutes,  the  animal  refusing  to  work  further. 
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Seventy-six  days  after  primary  adrenal  operationi  adrenal  and  lumbar  veins 
to  the  remaining  adrenal,  tied. 

This  cat  became  pregnant,  six  healthy  kittens  being  bom  one  hundred  and 
eighty-two  days  after  the  primary  operation. 

Two  himdred  and  seventy  days  after  primary  adrenal  operation.  Tested  in 
the  treadmill.  After  5  minutes,  155  m.,  denervated  pupil  still  smaller  than  the 
control.  After  10  minutes,  333  m.,  denervated  pupil  just  larger  than  the  control. 
At  843  m.  there  was  a  spurt  of  fast  pacing  continuing  for  104  m.  when  the  animal 
was  seized  with  convulsions.  Pupil  reaction  was  very  slow  to  develop.  The 
animal  did  not  appear  to  be  as  aggressive  as  it  had  formerly.  It  really  worked 
well  only  at  the  last  spurt. 

Protocol,  eat  WS,  Removed  right  adrenal,  cut  nerves  to  left  adrenal.  Forty- 
three  days  later,  destroyed  left  superior  cervical  ganglion.  Fifty-seven  days 
after  adrenal  operation,  tested  in  treadmill.  Paced  practically  all  of  the  way, 
going  476  m.  in  14  minutes.  There  was  no  dilatation  of  the  denervated  pupil 
throughout  imtil  the  convulsions  which  terminated  the  test.  Convulsions  were 
accompanied  by  urination  and  defecation.    Animal  very  irritable  afterward. 

Fifty-eight  days  after  primary  operation.  Tested  at  8:S6  a.m.  Worked  hard 
in  the  mill;  tried  to  avoid  pacing  but  did  slide.  No  dilatation  of  denervated 
pupil.    Convulsions  at  855  m.,  27  minutes. 

Tested  at  4  p.m.  Weak,  hangs  to  tread  and  drops  or  jumps  much  of  the  time. 
No  dilatation  of  denervated  pupil  until  80  minutes,  1661  m.  when  there  was  a 
spurt  of  fast  pacing  (111  m.  in  2  minutes).  This  was  accompanied  by  enlarge- 
ment of  the  denervated  pupil  to  an  equality  with  the  control.  Spurts  of  work 
occurred  from  time  to  time  after  this,  being  accompanied  by  a  similar  dilatation 
of  the  denervated  pupil.  Stopped  at  96  minutes,  1800  m.,  the  cat  raced  wildly 
about  the  room  and  then  lay  down.  Tested  the  next  morning  the  cat  refused  to 
work  hard  at  any  time.    There  was  no  dilatation  of  the  denervated  pupil. 

Sixty-four  days  after  primary  operation.  Tested  in  treadmill  for  33  minutes, 
going  1020  m.  No  dilatation  of  denervated  pupil  throughout  the  experiment, 
which  was  terminated  by  convulsions  lasting  85  seconds.  Very  nervous  after- 
wards. The  treadmill  was  being  turned  very  slowly  and  was  instantly  stopped 
at  the  first  sign  of  twitching.  In  spite  of  this,  the  twitches  and  jerks  became 
gradually  more  severe  until  violent  convulsions  had  developed.  It  seemed  that 
once  the  threshold  was  crossed  convulsions  developed. 

Two  hundred  fifty-seven  days  after  primary  operations.  Tested  in  treadmill, 
denervated  pupil  larger  than  control  at  6  minutes,  136  m.  At  17  minutes,  370  m., 
denervated  pupil  very  much  larger  than  control.  At  27  minutes  pacing  un- 
usually fast  and  well  ("second  wind").  At  35  minutes,  1000  m.,  cat  still 
travelling. 

Two  hundred  sixty-nine  days.    Tested  in  treadmill. 

After  3  minutes,  87  m.,  denervated  pupil  just  larger  than  control. 

At  20  minutes,  690  m.,  denervated  pupil  just  larger  than  control. 

At  35  minutes,  1120  m.,  denervated  pupil  decidedly  larger  than  control. 

At  83  minutes,  2600  m.,  denervated  pupil  much  larger. 

At  120  minutes,  3500  m.,  denervated  pupil  very  much  larger. 

At  131  minutes,  3720  m.,  denervated  pupil  very  much  larger  than  control. 

Although  the  animal  was  tired  it  could  have  travelled  farther. 
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Discussion.  In  experiments  of  long  duration,  dietary  factors  must 
be  carefully  ruled  out  by  feeding  a  variety  of  foods  to  assure  a  plenti- 
ful supply  of  the  different  vitamines.  For  example,  we  found  that  boiled 
liver  and  whole  cow's  milk  lacked  something  for  the  proper  growth 
of  kittens,  although  adult  cats  apparently  tlurived  on  this  diet.  The 
addition  of  yeast  made  the  diet  adequate  for  kittens  and  was  there- 
fore used  in  the  adults. 

Occasionally  mange  gets  a  start  among  the  cats  and  is  readily  spread. 
This  can  be  checked  by  daily  soaking  of  the  hair  and  skin  with  a  satiu*- 
ated  solution  of  chloramine-T  (4)  on  the  ears,  head  and  neck.  Mange 
in  the  cat  is  first  detected  by  the  presence  of  tiny  lumps  in  the  skin  on 
top  of  the  head  or  neck  or  sometimes  on  top  of  the  ears. 

We  also  foimd  it  advisable  to  remove  fleas  from  cats  newly  arrived 
at  the  laboratory  by  giving  them  a  good  soaking  in  a  dilute  solution  of 
"Coronoleiun"  (West  Disinfecting  Company).  By  thoroughly  dry- 
ing the  animal  immediately  afterward  most  of  the  **Coronoleum"  is 
evaporated  and  the  animals  are  less  likely  to  be  poisoned  by  licking 
the  fur. 

Our  results  indicate  that  the  dilatation  of  a  denervated  pupil  can 
be  used  as  a  test  of  increased  adrenal  secretion  in  muscular  work, 
for  removal  of  both  adrenals  or  cutting  the  nervous  connection  with 
a  single  remaining  adrenal  abolishes  the  dilatation  which  accompanies 
muscular  work.  On  the  other  hand  such  dilatation  again  reappears 
after  regeneration  of  the  nerve  fibers. 

Removal  of  one  adrenal  and  cutting  the  nerves  to  the  other  as  shown 
first  by  Elliott  (5)  and  later  by  Stewart  and  Rogoff  (2)  certainly  has 
shown  that  central  nervous  control  of  the  adrenal  is  not  necessary  to 
maintain  the  vital  processes.  But  our  observations  seem  to  indicate 
that  this  nervous  control  bears  an  important  relation  to  the  muscular 
efficiency  of  the  animal.  Tests  of  this  must  be  made  before  the  nerve 
fibers  have  time  to  regenerate.  For  if  the  nerves  are  cut  in  the  ab- 
dominal cavity  of  the  cat  the  central  end  has  but  a  short  distance  to 
grow  to  reach  the  adrenal.  It  has  been  shown  by  Langley  (6)  that 
nerve  fibers  in  the  cervical  sympathetic  regenerate  at  a  fairly  rapid 
rate.  If  this  rate  holds  for  the  splanchnic  it  should  not  take  many  days 
for  some  of  the  fibers  to  reach  the  adrenal,  the  distance  is  so  short. 
That  such  regeneration  does  take  place  is  indicated  by  our  observations 
on  the  return  of  the  denervated  eye  reaction  to  fatigue.  Examination 
of  our  animals,  in  which  we  have  suspected  nerve  regeneration,  has 
shown  that  nerve  fibers  have  again  connected  with  the  adrenal.    Cut- 
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ting  these  fibers  has  again  removed  the  nervous  control  of  the  adrenal 
as  indicated  by  the  denervated  eye  reaction  in  fatigue. 

Of  course  many  fibers  no  doubt  fail  to  find  their  way  back  or  do  so 
after  a  very  long  interval  so  that  the  nervous  control  would  be  com- 
pleted only  after  a  prolonged  period.  However  those  that  do  begin  to 
function  are  factors  which  must  be  considered  in  adrenal  activity. 

We  are  yet  in  the  dark  as  to  the  nature  of  fatigue  convulsions  in 
cats.  Because  of  the  fact  that  these  can  occur  in  normal  cats  and  that 
they  do  not  occur  in  cats  with  a  single  denervated  adrenal  until  some 
time  after  cutting  the  nerves  (such  a  time  as  might  permit  regeneration 
of  some  nerve  fibers),  the  rather  remote  possibiUty  that  they  might  be 
due  to  a  sudden  release  of  epinephrin  suggested  itself.  In  reviewing 
the  literature  covering  the  toxic  effects  of  epinephrin  we  have  found 
that  epinephrin  convulsions  have  been  described  by  BateUi  (7)  and 
Schaller  (8).  The  former  says  that  they  are  frequent  in  animals  before 
death  from  epinephrin.  The  latter  said  that  he  frequently  produced 
typical  epileptic  attacks  in  rabbits  from  maximal  sub-lethal  injections 
of  adrenalin. 

On  the  other  hand  Fo^  and  Pellacani  (9),  Oliver  and  Schafer  (10)  and 
Vincent  (11)  described  dyspnea,  circulatory  effects  and  prostration  as 
the  t)rpical  results  following  toxic  doses  of  adrenal  extracts.  We  have 
also  foimd  convulsions  rarely  produced  by  epinephrin  injections. 

Fm-thermore  it  is  diflScult  to  conceive  of  an  arrangement  which  would 
permit  a  sudden  flooding  of  the  circulation  with  epinephrin.  It  is 
true  up  to  the  time  of  fatigue  convulsions  in  our  experiments,  epineph- 
rin is  not  poured  into  the  circulation  in  sufiicient  amounts  to  affect 
the  denervated  pupil  to  any  extent.  On  the  other  hand  whenever  the 
denervated  pupil  gives  an  indication  of  a  steady  outpouring  of  an  in- 
creased supply  of  epinephrin,  fatigue  convulsions  usually  have  not 
occurred. 

Fatigue  convulsions  never  develop  unless  the  animal  works  hard, 
at  least  for  a  short  time.  Thus  we  have  been  imable  to  produce  them 
by  leading  a  susceptible  cat  (no.  103)  aroimd  the  room  for  3400  m. 
(the  cat  did  become  tired  but  not  greatly  fatigued).  The  work  per- 
formed in  this  test  is  a  great  deal  less  than  that  performed  over  a  much 
smaller  distance  in  the  treadmill  for  the  cat  was  supported  to  a  con- 
siderable extent  by  a  harness  around  the  shoulders,  otherwise  it  re- 
fused to  travel.  Likewise  we  were  not  able  to  produce  convulsions  in 
a  cat  from  which  both  adrenals  had  been  removed.  This  cat,  however, 
did  not  work  hard. 

THE  AMSBICAN  JOURNAL  OF  PHYSIOLOGY,  VOL.  60,  NO.  2 
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Observations  from  many  sources  point  to  a  close  relationship  between 
the  adrenals  and  muscular  activity.  First,  the  muscular  weakness 
of  adrenal  insufficiency  suggests  an  intimacy  between  the  two  tissues; 
second,  the  vacuolization  of  the  adrenals  after  prolonged  muscular  ac- 
tivity (12) ;  third,  the  size  of  the  adrenals  increases  with  the  develop- 
ment of  the  muscles  (13),  (14). 

A  great  deal  of  work  has  been  done  which  shows  that  epinephrin  may 
be  of  importance  in  muscular  fatigue.  The  quantity  of  epinephrin  in 
the  suprarenals  is  very  much  decreased  by  great  muscular  fatigue  (15). 
This  has  a  great  deal  of  significance  when  connected  with  the  obser- 
vation that  epinephrin  delays  the  onset  of  fatigue  in  skeletal  muscle 
(16),  (17),  (18). 

The  beneficial  effects  of  epinephrin  in  fatigue  may  be  due  not  only 
to  an  increase  in  the  circulation  (19)  to  the  muscle  but  to  some  other 
action  yet  imdetermined  (18). 

Our  observations  furnish  evidence  of  the  increase  of  epinephrin 
during  fatigue  in  normal  unanesthetized  animals.  They  show  further 
that  the  absence  of  such  an  increase  reduces  muscular  efficiency. 

We  wish  to  thank  C.  A.  Mietus,  E.  D.  Pillion,  M.  G.  Potter  and 
W.  P.  Taylor  for  their  valuable  assistance  in  this  research. 

SX7MMART 

1.  Normal  cats  usually  give  a  dilatation  of  the  denervated  pupil 
accompanying  work  in  a  treadmill.  This  begins  within  a  few  minutes 
and  increases  as  the  work  progresses.  Spurts  of  work  are  accompanied 
by  greater  increases  in  the  dilatation;  the  same  cat  will  work  harder  and 
travel  farther  when  such  dilatation  is  present.  If  dilatation  \b  absent 
and  the  animal  works  hard  convulsions  may  follow  but  they  usually 
do  not  result  if  there  is  a  good  dilatation  of  the  denervated  pupil. 

2.  The  dilatation  of  the  denervated  pupil  accompanying  fatigue 
is  absent  in  animals  deprived  of  both  adrenals  or  possessing  but  a  single 
adrenal  and  that  completely  denervated.  Such  dilatation,  therefore, 
is  probably  caused  by  epinephrin. 

3.  Cats  possessing  but  a  single  adrenal,  and  that  denervated,  undergo 
a  period  of  ill  health  which  appears  to  be  more  marked  than  that  of 
control  animals.  This  is  indicated  by  the  loss  of  appetite,  loss  of  weight, 
change  of  temperament,  weakness  and  in  some  instances  a  subnormal 
temperature.  During  this  period  the  working  power  is  very  much 
decreased.  On  the  other  hand,  after  regeneration  of  some  of  the  nerve 
fibers,  health  and  power  to  work  are  regained. 
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4.  Certain  cats  possessing^ but  a  single  adrenal,  and  that  denervated, 
developed  convulsions  in  the  treadmill  repeatedly.  Preceding  these, 
dilatation  of  the  denervated  pupil  was  scanty  or  absent.  In  the  cat 
which  developed  these  convulsions  most  easily,  they  could  be  obtained 
with  difficulty  after  regeneration  of  a  large  number  of  the  nerve  fibers  to 
the  adrenal  judging  from  the  denervated  pupil  reaction.  At  this  time 
the  animal  could  travel  many  times  farther  in  the  treadmill  than  before 
regeneration  of  the  nerves. 

5.  Our  results  seem  to  indicate  that  epinephrin  plays  a  very  important 
rdle  in  increasing  muscular  work  and  delaying  the  onset  of  fatigue. 
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It  is  commonly  stated  that  in  many  respects  the  unsatm-ated 
monohydric  alcohols  resemble  the  satm-ated;  and  that  in  «ach  series  of 
polyhydric  alcohols  the  members  act  much  alike,  and  that  to  a 
considerable  extent  their  chlorhydrins  behave  Uke  them.  It  is  of  in- 
terest to  see  how  much  correlation  exists  between  the  chemical  behavior 
of  such  organic  substances  and  their  action  on  Uving  protoplasm. 

The  efficiency  of  such  alcohols  as  allyl  alcohol,  ethylene  glycol, 
glycerol  and  of  the  chlorhydrins,  ethylene  chlorhydrin  and  glycerol 
chlorhydrin,  was  tested  by  noting  their  effect  on  the  sensory  cells  of 
AUolobophorafoeiida.  These  results  are  to  be  compared  with  the  effects 
of  monohydric  alcohols  which  were  studied  in  a  previous  investigation  (1). 

The  method  used  was  the  same  as  that  described  in  a  previous  paper 
(2).  When  a  worm  is  placed  on  a  table,  surroimded  by  a  test  solution, 
the  worm  will  slowly  crawl  to  the  edge  of  the  table  and  enter  the  solu- 
tion. The  time  elapsing  from  the  moment  the  prostomium  enters  the 
solution  until  it  is  withdrawn  is  the  reaction  time  of  the  worm  to  the 
test  solution. 

Comparison  of  figure  1  with  figure  2  shows  that  the  efficiency  of  allyl 
alcohol  is  much  greater  than  that  of  either  glycol  or  glycerol.  The 
behavior  of  allyl  alcohol  is  more  comparable  with  that  of  propyl  alcohol 
than  with  that  of  the  polyhydric  alcohols.  Glycol,  which  has  one  carbon 
atom  and  one  OH  group  less  than  glycerol,  is  more  efficient  than  glycerol, 
though  both  glycol  and  glycerol  are  very  inefficient  as  compared  to 
allyl  alcohol. 

Since  high  concentrations  are  used,  the  effect  of  glycol  and  glycerol 
might  be  interpreted  as  due  entirely  to  the  extraction  of  water.  How- 
ever, on  comparing  the  osmotic  pressures  of  glycol  and  glycerol  it  seems 
that  the  effect  cannot  be  entirely  due  to  the  extraction  of  water,  since 
at  the  concentration  of  these  two  alcohols  which  bring  about  the  same 
reaction  time,  the  osmotic  pressures  of  the  alcohols  are  different. 
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Fig.  1.  The  effects  of  ethylene  glycol  (curve  B)  and  glycerol  (curve  A)  as 
stimuli  for  worms.  The  reaction  times  in  seconds  are  plott^  as  the  ordinates, 
and  the  molar  concentrations  as  abscissae. 


4  -1 


I  - 


Fig.  2.  Efficiency  of  allyl  alcohol  (curve  A),  ethylene  chlorhydrin  (curve  C), 
and  glycerol  monochlorhydrin  (curve  B),  as  stimuli  for  worms.  The  reaction 
times  in  seconds  are  plotted  as  the  ordinates,  and  the  molar  concentrations  as 
abscissae. 
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It  is  commonly  stated  that  in  many  respects  the  increase  in  the  number 
of  hydroxyls  is  of  no  great  consequence  in  the  ordinary  chemical  reactions 
of  such  alcohols,  but  the  case  is  different  as  regards  their  effects 
on  the  sensory  cells,  since  the  more  OH  groups,  the  less  efficient 
the  alcohols  are  in  producing  stimulation. 

As  for  the  chlorhydrins,  ethylene  chlorhydriu  and  glycerol  mono- 
chlorhydrin  were  used.  Figure  2  shows  that  glycerol  monochlorhydrin 
is  slightly  less  efficient  than  ethylene  chlorhydrin.  Greater  difference 
is  foimd,  however,  when  glycerol  monochlorhydrin  is  compared  to 
glycerol,  and  ethylene  chlorhydrin  is  compared  to  ethylene  glycol.  Re- 
placement of  one  OH  group  by  one  chlorine  atom  increases  the  efficiency 
several  times.  The  H-ion  concentrations  of  the  two  chlorhydrins  were 
carefully  tested;  it  was  found  that  this  increase  in  efficiency  is  independ- 

•  TABLE  1 

Narcotic  action 
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Ethylene  chlorhydrin 

Glycerol  monochlorhydrin., 

Ethylene  glycol 

Glycerol 


0.5  M 

0.5  M 

0.5  M 

2M 
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ent  of  the  H-ion  concentration.  This  increase  may  be  due  to  the  fact 
that  the  chlorhydrins  hydrolyze  on  entering  the  sensory  cells.  Such 
a  hydroljrsis  has  been  described  by  workers  on  mustard  gas  (3). 

As  for  the  narcotic  effect  of  the  given  reagents,  table  1  shows  that 
allyl  alcohol  and  chlorhydrins  are  more  efficient  than  glycerol  and 
glycol,  which  agrees  with  the  stimulatory  effects  of  the  same  reagents, 
as  previously  mentioned.  One  other  distinction  should  be  mentioned 
here  between  these  two  groups  of  reagents.  The  limiting  concentration 
necessary  to  bring  about  narcosis  is  higher  than  the  limiting  concen- 
tration for  stimulation.  This  is  true  for  saturated  monohydric  alcohols 
as  well  as  for  allyl  alcohol  and  chlorhydrins.  This  is  to  be  expected, 
since  for  sensory  stimulation  only  the  prostomiimi,  which  is  the  most 
sensitive  portion  of  the  worm,  is  involved,  while  narcosis  affects 
the  entire  body  of  the  worm,  which  decreases  in  sensitivity  posteriorly. 
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On  the  other  hand,  with  polyhydric  alcohols  (glycol  and  glycerol)  the 
Umiting  concentrations  are  not  higher  for  narcosis  than  for  stimula- 
tion; in  the  case  of  glycol  they  are  the  same  as  for  stimulation  andl 
in  case  of  glycerol  they  are  lower  than  for  stimulation.  This  distinc- 
tion may  be  due  to  the  fact  that  the  effect  of  the  former  group 
depends  primarily  on  chemical  action  while  the  effect  of  the  latter  group 
depends  partly  on  chemical  action  and  partly  on  th6  extraction  of  water. 
This  supposition  is  rendered  probable  by  the  following  facts.  At  the 
concentration  in  which  the  reaction  time  is  about  two  seconds,  there  is 
no  narcosis  when  saturated  monohydric  alcohols,  allyl  alcohol  and 
chlorhydrins  are  used,  while  there  is  narcosis  when  glycol  and  glycerol 
are  used.  When  the  worm  thus  narcotized  by  glycol  or  glycerol  is 
removed  from  the  solution  and  placed  in  water,  the  motility  of  the^ 
worm  is  resumed  very-  slightly  for  a  time  but  this  is  followed  in  many 
cases  by  death.  This  inhibition  of  motion  is  perhaps  due  to  the* 
extraction  of  water  from  the  body;  although  the  motility  of  the  worm 
is  recovered  to  a  very  slight  extent  after  the  worm  is  replaced  in  water, 
the  extraction  of  water  has  apparently  gone  so  far  that  recovery  is  not 
possible.  Thus  it  seems  that  the  apparent  narcosis  due  to  the  effects 
of  glycol  and  glycerol  on  the  worm  may  depend  to  a  great  extent  on 
the  extraction  of  water  and  not  on  chemical  action. 

SUMMARY 

The  experiments  show  that  while  the  behavior  of  allyl  alcohol  toward 
the  sensory  cells  of  the  worm  is  just  what  would  be  expected  on  the 
ground  of  its  ordinary  chemical  relations,  this  is  not  the  case  with 
polyhydric  alcohols  and  chlorhydrins.  From  a  chemical  standpoint, 
we  should  expect  no  such  difference  in  behavior  among  the  polyhydric 
alcohols  themselves  (and  this  would  also  apply  to  their  chlorhydrins) 
as  we  find  that  in  sensory  stimulation  where  the  efficiency  decreases 
with  the  addition  of  OH  groups,  and  a  great  increase  in  efficiency 
occurs  when  an  OH  group  is  replaced  by  a  chlorine  atom. 
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In  a  previous  paper  (1)  it  was  shown  that  in  successive  exposures  of 
AUolobophora  foetida  to  a  salt  solution  (such  as  potassium  chloride) 
an  increase  in  sensitivity  took  place  at  certain  concentrations.  This 
was  interpreted  to  mean  that  there  was  a  definite  combination  of  the 
stimulating  reagent  with  some  constituent  of  the  sensory  cell. 

It  is  of  interest  to  investigate  the  action  of  alcohols  from  this  point 
of  view.  For  this  purpose  the  effects  of  a  series  of  monohydric  satur- 
ated alcohols,  methyl  alcohol,  ethyl  alcohol,  n-butyl  alcohol  and  iso- 
amyl  alcohol  have  been  studied. 

Successive  contacts  of  the  prostomium  of  the  worm  with  a  solution 
of  alcohol  may  bring  about  a  definite  change  in  sensitivity  which  de- 
pends upon  the  concentration.  With  the  alcohols  studied  it  was  found 
that  if  we  employ  a  concentration  giving  a  reaction  time  of  less  than 
one  second,  a  decrease  of  sensitivity  takes  place  as  the  result  of  suc- 
cessive exposures.  This  is  evident  from  the  gradual  lengthening  of  the 
reaction  time,  as  shown  in  figure  1. 

At  a  concentration  lower  than  this,  a  shortening  of  the  reaction 
time  (increased  sensitivity)  is  observed  after  a  few  successive  exposures, 
as  shown  in  figure  2.  At  a  still  lower  concentration  (as  shown  in 
fig.  3)  there  is  no  change  in  the  reaction  time,  though  the  prostomium 
of  the  worm  is  repeatedly  exposed. 

We  may  account  for  these  facts  by  supposing  that  the  alcohol,  A, 
unites  with  a  substance,  X,  in  the  prostomium  to  form  a  compound 
AX,  which  is  necessary  for  stimulation.  On  this  basis  we  should 
expect  the  reaction  time  to  shorten  as  the  concentration  of  the  reagent 
in  the  solution  increases. 

It  is  evident  that  no  stimulation  occurs  until  this  compoimd  reaches  a 
definite  concentration  (threshold  effect).  It  is  also  evident  that  this 
compoimd  tends  to  disappear,  since  otherwise  the  weakest  concentra- 
tions of  alcohol  would  stimulate  in  the  course  of  time,  which  is  rtot  the 

case. 
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Fig.  1.  Successive  reactions  of  worms  exposed  to  1  M  ethyl  alcohol.  Reaction 
time  in  seconds  is  plotted  as  ordinates,  successive  exposures  as  abscissae.  This 
shows  the  lengthening  of  the  reaction  time  which  is  characteristic  of  high  con- 
centrations of  alcohol. 
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Fig.  2.  Successive  reactions  of  worms,  showing  an 
initial  decrease  in  reaction  time  followed  by  an  increase. 
This  effect  is  characteristic  of  concentrations  of  alcohols 
somewhat  lower  than  those  which  give  the  effect  shown 
in  figure  1.  The  data  were  obtained  with  0.5  M  ethyl 
alcohol.  The  reaction  times  in  seconds  are  plotted  as 
ordinates  and  successive  exposures  as  abscissae. 
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Fig.  3.  Successive  reactions  of  worms  showing  no  change  in  the  average  reac- 
tion time.  This  effect  is  characteristic  of  concentrations  of  alcohols  lower  than 
those  which  give  the  effect  shown  in  figure  2 .  The  data  were  obtained  with  0.25  M 
ethyl  alcohol.  The  reaction  times  in  seconds  are  plotted  as  ordinates  and  suc- 
cessive exposures  as  abscissae. 
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After  any  exposure  a  certain  amount  of  alcohol  remains  in  the  tissue 
and  this  must  augment  the  effect  of  the  alcohol  which  enters  at  the 
next  exposure.  Hence  the  reaction  time  will  shorten,  unless  the  con- 
centration of  alcohol  is  so  low  that  the  compoimd  AX  disappears  as 
fast  as  it  is  formed,  so  that  the  augmentation  is  ineffective.  As  a 
matter  of  fact  we  find  that  the  reaction  time  does  shorten  in  case  of  the 
above  experiments  as  well  as  in  case  of  those  with  the  potassium  salts. 

The  rate  of  formation  of  AX  depends  on  the  concentration  of  both 
A  and  X  and  it  is  therefore  evident  that  as  the  substance  X  is  used  up 
the  reaction  time  must  lengthen. 

If  the  concentration  of  alcohol  is  high  enough  X  is  used  up  so  rapidly 
that  the  reaction  time  begins  to  lengthen  after  a  few  exposures  have 
been  made. 

If  there  is  a  sufficiently  long  interval  between  exposures,  X  is  more 
or  less  completely  restored  and  a  corresponding  recovery  of  sensitivity 
will  take  place. 

This  hypothesis  seems  to  afford  a  simple  explanation  of  the  facts 
without  involving  any  unreasonable  assumptions. 

SUMMARY 

1.  A  series  of  monohydric  saturated  alcohols  was  used  for  a  repeated 
stimulation  of  worms  at  different  concentrations.  In  the  case  of  each 
alcohol  it  is  foimd  that  there  is  a  certain  concentration  at  which  suc- 
•cessive  exposures  bring  about  a  decrease  in  the  sensitivity  of  the  worm, 
concentrations  somewhat  lower  than  this  bring  about  an  increase  in 
-sensitivity,  and  concentrations  still  lower  bring  about  no  change  in 
sensitivity. 

A  hypothesis  is  developed  to  account  for  these  facts. 
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The  starting  point  of  our  investigations  was  observations  which  we 
made  in  the  year  1906  and  1906  (1).  At  that  time  we  observed  that  in 
isotonic  NaCl  solutions  Limulus  cells  sent  out  pseudopodia,  but  soon 
lost  their  granules  and  became  hyaline.  In  acid  and  alkaU  solutions 
the  cells  rapidly  took  up  water,  swelled  and  lost  their  granules;  in  addi- 
tion there  were  in  acids  some  changes  which  were  due  to  coagulative 
processes  which  were  lacking  in  alkaU.  Thus  neutral  isotonic  NaCl 
solutions  as  well  as  acids  and  alkaU  were  more  or  less  injurious.  If, 
however,  acid  or  alkaU  and  neutral  isotonic  NaCl  solutions  were  com- 
bined, they  mutually  counteracted  their  injurious  influence  and  the 
cells  remained  well  preserved.  Both,  small  amoimts  of  acid  and  alkali 
had  this  effect.  HCl  was  in  this  respect  much  more  potent  than  acetic 
or  citric  acid  in  accordance  with  the  greater  electrolytic  dissociation  of 
HCl.  The  fact  that  both  acid  and  alkaU  were  beneficial,  while  at  the 
neutral  point  the  cell  granules  were  dissolved,  we  referred  tentatively 
to  the  amphoteric  character  of  the  cell  proteids  (1907).  Subsequently 
MichaeUs  and  Takahashi  (2)  found  that  hemolysis  of  erythrocytes 
under  the  influence  of  acid  takes  place  at  a  pH  which  represents  the 
optimum  for  the  coagulation  of  the  stroma  particles.  This  corresponded 
to  the  isoelectric  point  of  the  stroma.  Jodlbauer  and  Haffner  (3) 
studied  hemolysis  by  heat,  narcotics  and  hypotonic  substances  and 
interpreted  their  results  in  a  similar  way.  R.  Hoeber  and  R.  R.  Spaeth 
(4)  likewise  referred  quantitative  relations  which  they  observed  in 
analysing  the  effect  of  certain  trivalent  kations  on  the  contractiUty  of 
muscle  to  the  variation  in  the  electric  charge  of  the  colloids,  and  to  a 
greater  Uability  to  injury  of  the  solutions  at  the  isoelectric  point. 
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As  to  the  antagonism  between  neutral  salts  and  acids  and  their  mutual 
neutralizing  effects,  a  considerable  number  of  important  results  has 
been  recorded.  Jacques  Loeb  (5)  first  observed  in  1899  that  acid  in- 
creased the  aflSnity  of  muscle  for  water.  Neutral  solutions  of  NaCl 
also  favored  water  absorption  by  muscle;  but  if  acid  was  added  to  a 
hypertonic  solution  of  NaCl,  it  caused  a  diminution  in  the  taking  up  of 
water.  Alkalies  on  the  other  hand  always  increased  the  absorption  of 
water.  The  antagonism  between  acid  and  salts  was  in  later  years 
studied  by  R.  S.  Lillie  (6)  in  its  effect  on  the  ciliated  epitheUum  of 
Mytilus,  by  Jacques  Loeb  under  varied  conditions  in  its  effect  on  em- 
bryonic and  adult  Funduli  (7).  W.  J.  V.  Osterhout  (8)  determined 
variations  in  the  electrical  resistance  of  Laminaria  imder  the  influence 
of  different  electrolytes  and  with  this  method  showed  that  also  in  the 
case  of  plants  an  antagonism  exists  between  acids  and  neutral  salts 
which  affects  primarily  the  permeabiUty  of  the  cells. 

Of  special  interest  is  the  observation  of  this  author  that  acids  decrease 
and  alkali  increases  the  permeability  of  Laminaria.  These  authors 
agree  that  the  antagonism  between  neutral  salts  and  acids  depends  upon 
the  effect  of  these  substances  on  the  cell  membranes. 

The  most  recent  studies  are  those  of  M.  E.  Collett  (9),  who  found 
similar  antagonisms  in  the  effect  of  salts  and  acids  in  the  case  of  Infu- 
soria. Some  of  her  conclusions  very  closely  parallel  om*  earlier  observa- 
tions on  the  amoebocytes  of  Limulus. 

Our  present  investigations  carry  further  our  earlier  work.  We 
studied  in  vitro  the  effect  of  solutions  of  various  neutral  salts  on  the 
cultures  of  experimental  amoebocyte  tissue  with  and  without  the  addi- 
tion of  variable  amounts  of  acid  and  alkaU.  After  preUminary  experi- 
ments had  demonstrated  (10)  that  cells  may  show  very  active  migration 
in  such  acid  solutions,  sometimes  surpassing  those  in  neutral  solutions, 
we  now  found  that  through  both  addition  of  acid  and  alkaU  to  neutral 
solutions  not  only  an  extremely  marked  improvement  in  the  outgrowth 
of  the  amoebocytes  may  be  obtained,  but  that  the  outgrowth  in  acid 
may  even  surpass  in  extent  and  duration  the  outgrowth  in  Limulus 
serum  which  represents  the  natural  and  otherwise  most  favorable 
medium  for  the  migration  of  the  amoebocytes,  and  furthermore  that 
solutions  of  neutral  salts,  which  are  an  unfavorable  medium  for  the 
amoebocyte  tissue,  may  be  converted  into  a  favorable  one  by  the  addi- 
tion of  acid  and,  although  less  strikingly,  by  the  addition  of  alkali. 

1.  Method  and  variable  factors.  The  method  used  in  these  investi- 
gations is  the  same  as  in  the  two  previous  investigations.    We  prepared 
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experimental  cell  fibrin  (Amoebocyte)  tissue  of  Limulus  and  we  placed 
small  pieces  of  this  tissue  on  cover  glasses.  We  surrounded  the  pieces 
with  fluid  and  inverted  the  cover  glass  over  a  hollow  glass  slide,  fixing 
it  to  the  latter  with  vaseline.  We  made  thus  tissue  culture  prepara- 
tions of  experimental  Amoebocyte  tissue. 

In  our  preceding  publications  we  called  attention  to  some  variable 
factors  which  may  occur  in  such  experiments.  They  are  as  follows: 
a,  The  size  of  the  piece  is  of  importance.  We  used  on  the  average 
pieces  about  3  nun.  square;  if  the  pieces  are  much  smaller,  the  outgrowth 
is  usually  less  extensive.  The  cut  surfaces  ought  to  be  straight;  irregu- 
lar and  torn  outlines  at  certain  places  may  signify  that  the  tissue  has 
been  injured  and  diminished  outgrowth  may  result  from  this  injury. 
6,  It  is  advisable  to  surround  the  pieces  with  a  considerable  amount  of 
fluid.  We  used  especially  deep  and  wide  hollow  slides.  If  the  amount 
of  fluid  surrounding  the  pieces  is  smaU,  the  efifect  of  the  various  solutions 
may  become  obscured.  Either  firm,  tissue-like  or  soft  mucoid  material 
can  be  used.  Cell  fibrin  as  it  is  obtained  about  5  to  6  hours  after  with- 
drawal of  the  blood  is  usuaUy  soft,  and  it  has  to  be  scraped  off  the  dish 
in  order  to  place.it  on  the  cover  glass.  On  the  following  day  such 
material  is  usually  tissue-like  and  can  be  cut  into  regular  pieces;  but 
sometimes  it  is  still  mucoid  even  after  having  been  kept  20  hours  in  the 
ice  chest.  Tissue  2  days  old  or  older  usually  retracts  when  cut  and 
generaUy  is  inferior  to  fresh  tissue.  In  our  recent  experiments  we  found 
indications  which  pointed  to  the  presence  of  an  additional  variable 
factor.  In  the  two  preceding  summers  (1919  and  1920)  in  the  large 
majority  of  experiments  the  tissue  grew  well  in  isotonic  NaCl  solutions; 
on  the  second  day  the  outgrowth  in  this  solution  not  rarely  surpassed 
that  in  Limulus  senun,  while  the  latter  proved  usually  superior  on  the 
first  day.  In  the  experiments  of  the  summer  1921  the  tissue  grew  well 
in  an  isotonic  solution  of  NaCl  only  in  about  10  per  cent  of  the  experi- 
ments; in  the  large  majority  of  the  experiments  the  outgrowth  in  this 
solution  was  very  slight  or  missing  altogether;  instead  we  found  signs 
of  the  destruction  and  solution  of  the  cells  and  of  the  margin  of  the  piece 
in  these  salt  solutions,  although  the  experiments  were  carried  out  under 
sterile  precautions.  The  difference  is  due  either  to  a  variability  in  the 
amount  or  character  of  substances  extracted  from  the  piece,  or  to  varia- 
tions in  the  resistance  of  the  cells  in  different  individuals.  We  have 
called  attention  to  the  possible  influence  of  variations  in  the  amount  of 
serum  or  other  substances  extracted  from  the  tissues  in  our  previous 
paper.     It  seems  most  probable  that  the  animals  were  less  resistant  in 
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1921.  We  obtained  the  best  results  in  isotonic  NaCl  solutions  in  experi- 
ments in  which  the  tissue  was  till  loose  and  very  sticky  after  having  been 
kept  in  the  ice  chest  for  20  hours  or  more.  In  such  cases  the  cells 
evidently  had  less  tendency  to  imdergo  those  changes  which  lead  to  a 
retraction  of  the  tissue.  On  the  other  hand,  tissue  which  was  equally 
loose  only  5  hours  after  the  withdrawal  of  the  blood  usually  did  not  give 
better  results,  although  it  contained  presimiably  a  relatively  great 
amount  of  senmi.  It  is  probable  that  under  favorable  conditions 
healthy  ceUs  migrating  out  of  the  tissue,  aided  perhaps  by  the  presence 
of  substances  extracted  from  the  tissue,  can  resist  otherwise  adverse 
environmental  conditions.  Thus  we  found  in  our  previous  experiments 
that  even  in  hyi)ertonic  as  well  as  in  hypotonic  NaCl  solutions  ceUs 
may  migrate  out  of  the  pieces  and  that  even  in  these  solutions  the  char- 
acter of  the  pseudopods  may  remain  unaffected  by  the  environment  for 
some  time.  Only  at  certain  periods  in  their  history  the  cells  show  the 
tjrpical  changes.  It  is  probable  that  the  power  of  resistance  varies  in 
different  animals.^ 

The  effect  of  Limulus  serum  is  much  more  constant.  We  must 
therefore  in  the  first  place  compare  experiments  made  witlt  the  same 
tissue,  and  only  secondarily  can  we  compare  with  each  other  the  results 
obtained  with  different  tissues. 

The  effect  of  Limulus  serum.  As  in  our  previous  experiments,  Limulus 
serum  proved  to  be  the  best  medium  in  the  first  24  hours.  Later  exten- 
sion and  gradual  hyalinization  of  the  cells  occurred  and  this  made  an 
end  to  the  further  outgrowth.  Limulus  senmi  gave  the  most  constant 
results;  they  were  less  affected  by  variations  in  the  character  of  the 
tissue.  Some  variations  however  occurred  even  here;  tissue  which  was 
still  mucoid  on  the  second  day  gave  not  only  with  isotonic  NaCl  solution 
but  even  with  Limulus  senmi  especially  favorable  results.  This  indi- 
cates that  the  beneficial  results  obtained  with  this  tissue  were  in  all 
probability  not  due  to  admixed  serum.  In  Limulus  serum  the  tjrpical 
cell  clumps  formed  and  all  varieties  of  tongue  pseudopodia  could  be 
observed. 

Even  Limulus  serum  that  had  been  kept  by  us  for  a  period  of  about 
11  months  in  test  tubes,  sealed  with  parajHSn,  and  that  had  previously 

»  The  winter  and  spring  of  1920  and  1921  were  unusually  mild  and  it  is  possible 
that  this  climatic  condition  is  responsible  for  the  difference  noted.  It  remains, 
however,  for  future  investigations  to  determine  which  of  the  factors  mentioned 
is  responsible  for  this  variability.  It  will  also  be  necessary  to  consider  the  pos- 
sibility that  in  some  cases  the  blood  was  infected  in  the  living  animal. 
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been  heated  to  54^  for  half  an  hour,  was  found  to  be  just  as  efiFective  as 
fresh  serum.  As  we  stated  previously,  sera  of  other  arthropods  cannot 
take  the  place  of  limulus  serum.  The  effect  of  Limulus  serum  is  there- 
fore specific. 

The  effect  of  isotonic  soliUions  {m/£  and5/8  m  NaCl) .  As  stated  above, 
in  the  large  majority  of  the  experiments,  no  or  very  little  outgrowth  was 
obtained  in  these  solutions.  Those  cells  that  did  grow  out  soon  spread 
out  and  became  hyaline  and  C3rtolysed.  As  a  result  of  solution  processes 
in  the  migrating  cells  or  in  the  margin  of  the  piece  a  finely  granular  pre- 
cipitate often  formed  around  the  piece,  or  sometimes  the  viscous  cell 
material  was  drawn  out  into  radiating  fibers  which  surrounded  the 
margin  of  the  piece.  In  other  cases  a  layer  of  granular  cells  which  were 
suspended  in  the  fluid  surrounded  the  piece.  In  several  cases  a  slight 
outgrowth  of  granular  contracted  ceUs  occurred.  Gradually  these  cells 
spread  out  and  became  hyaline.  In  five  experiments,  however,  a  very 
good  outgrowth  was  obtained  similar  to  that  recorded  in  previous  years. 
In  some  of  these  cases  it  exceeded  even  the  growth  in  Limulus  serum 
especially  on  the  second  day. 

These  «eUs  showed  the  characteristics  formerly  described.  There  was 
less  agglutination  in  a  m/2  NaCl  solution  than  in  Limulus  serum.  In 
the  former  the  cells  were  on  the  whole  more  evenly  distributed,  although 
clumping  did  occur.  The  cells  were  more  contracted  and  had  some- 
what sharper  pseudopodia  than  in  Limulus  serum.  Many  cells  showed 
in  their  posterior  half  furrows  due  to  a  localized  contraction  of  the  pro- 
toplasm. The  cells  being  less  sticky,  a  number  of  them  detached  them- 
selves from  the  surface  of  the  cover  glass  and  fell  down  and  formed  a 
second  layer  of  cells  on  the  lower  surface  of  the  drop.  This  layer  was 
usually  smaller  than  the  layer  at  the  surface  of  the  glass. 

In  the  majority  of  our  recent  experiments  the  effect  of  an  isotonic 
NaCl  solution  on  the  amoebocytes  is  in  accordance  with  the  result  of 
those  of  OUT  former  experiments  in  which  we  received  a  drop  of  blood 
directly  into  a  NaCl  solution,  or  in  which  we  poured  an  isotonic  NaCl 
solution  on  the  amoebocytes.  Under  those  conditions  we  foimd  the 
cells  to  send  out  rather  sharp  pseudopods  and  very  soon  afterwards  to 
lose  their  granules  and  to  become  hyaline  and  cytol3rsed. 

In  order  to  explain  the  outgrowth  of  the  cells  in  isotonic  NaCl 
solutions,  we  had  to  assume  that  many  cells  growing  out  from  the 
experimental  amoebocyte  tissue  were  protected  in  some  way  against  the 
injurious  effect  of  the  NaCl  solution,  at  least  for  some  time.  Later, 
however,  they  also  degenerated.    We  considered  previously  the  possi- 
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bility  that  substances  might  be  extracted  from  the  piece  and  that  these 
protected  the  cells. 

The  effect  of  the  addition  of  acid  and  alkali  to  the  isotonic  NaCl  soliUion. 
The  addition  of  acid  to  the  isotonic  (5/8  m  to  m/2)  solution  of  NaCl 
caused  in  almost  all  experiments  a  marked  improvement.  One  part  of 
HCl  solution  varying  in  strength  between  m/10  and  m/1000  was  added 
to  ten  parts  of  the  NaCl  solution.  The  strongest  concentrations  caused 
a  solution  of  the  margin  of  the  piece.  The  optimal  action  was  obtained 
with  m/100  to  m/200  HCl.  In  the  majority  of  cases  m/100  HCl 
represented  the  optimal  quantity;  but  in  some  experiments  m/80  HCl 
likewise  produced  an  improvement.  In  some  cases  m/200  lactic  acid, 
m/200  HCl,  or  m/200  to  m/400  butyric  acid  were  optimal. 

In  the  case  of  the  organic  as  well  as  of  the  inorganic  acids  the  optimum 
varied  sHghtly  in  different  cases,  and  in  one  case  the  optimal  effect  was 
found  after  addition  of  m/300  to  m/400  acid  (in  the  proportion  of  1  part 
acid  to  ten  parts  salt  solution). 

Weaker  solutions  up  to  the  strength  of  m/400  HCl  still  were  advan- 
tageous; but  usually  the  effect  of  weaker  solutions  was  less  marked  than 
that  caused  by  the  optimal  solutions.  Still  weaker  solutions  usually 
were  without  effect.  In  the  fluid  surrounding  the  piece  the  optimal 
concentration  of  acid  corresponded  therefore  to  somewhat  less  than 
m/1000  to  m/2000  HCl  solution;  but  a  further  deduction  has  to  be 
made  on  account  of  a  slight  admixture  of  serum  which  was  invariably 
adherent  to  the  piece.  It  caused  a  precipitate  with  the  acid  and  this 
precipitate  surrounded  the  piece  usually  leaving  a  clear  area  directly 
around  it.  The  proteid  as  well  as  inorganic  buffer  solutions  contained 
in  the  admixed  senmi  and  dissolved  parts  of  the  tissue  reduced,  of 
course,  the  amount  of  free  acid  present  in  the  fluid. 

Not  only  HCl  had  this  beneficial  effect,  but  also  organic  acids,  of 
which  butyric  and  lactic  acid  were  used.  Although  the  electrolytic 
dissociation  of  the  organic  acids  used  is  considerably  below  that  of  HCl, 
still  their  effect  was  very  similar  to  that  of  HCl  and  they  could  be  used 
in  similar  concentrations.  Again  addition  of  10  per  cent  of  a  m/100  to 
m/200  solution  of  butyric  acid  and  lactic  acid  was  found  best.  We 
must  therefore  assume  that  acid  does  not  altogether  act  through  the 
changes  in  hydrogen  ion  concentration  which  it  produces;  but  that  the 
anion  or  the  undissociated  acid  may  play  a  certain  part. 

In  a  few  cases  no  effect  of  the  acid  was  obtained.  These  were  cases 
in  which  only  one  concentration  of  the  acid  was  tested  and  in  which  the 
observation  extended  only  over  the  first  24  hours.     In  a  complete  experi- 
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ment  a  series  of  dilutions  ought  to  be  used  and  the  observation  ought  to 
extend  over  several  days.  If  that  is  done,  positive  results  ought  to  be 
obtained  in  every  case,  except  when  the  cells  are  already  much  deteri- 
orated in  the  beginning  of  the  experiment. 

The  results  of  addition  of  acid  are  most  striking,  when  tissue  is  used 
which  shows  only  a  trace  of  growth  or  no  growth  at  all  in  a  neutral  NaCl 
solution;  then  we  find  in  many  cases  an  excellent  outgrowth  in  the  acid 
solution  which  is  often  better  than  that  in  Limulus  serum,  especially 
on  the  second  or  third  day;  but  even  in  those  cases  in  which  already  in 
the  neutral  NaCl  solution  the  outgrowth  is  very  good,  the  acid  produces 
improvement.  This  may  be  noticeable  as  early  as  24  hours  after  the 
beginning  of  the  experiment,  but  it  becomes  more  marked  after  2  or  3 
days  or  even  later. 

At  that  time  very  decided  retrogressive  changes  have  taken  place  in 
the  neutral  solution,  while  in  the  acid  the  cells  may  still  be  very  well 
preserved  and  active;  new  cells  continue  to  move  from  the  tissue  while 
the  cells  which  had  already  emigrated  from  the  tissue  extend  still  further 
into  the  surrounding  fluid. 

Through  varying  the  strength  of  the  acid  we  can  produce  graded 
effects  on  the  tissue.  If  the  amount  of  the  acid  added  is  very  great 
(10  per  cent  of  m/10  to  m/40  HCl)  solution  processes  take  place  in  the 
tissue  and  in  the  cells;  a  few  typical  acid  cells  may  be  found.  If  the  acid 
added  is  somewhat  weaker  (m/80  to  m/100  HCl),  the  cells  may  at  first 
appear  as  fixed  oval  or  round  granular  cells  with  sharp  margins.  There 
may  be  a  few  sharp  threadUke  pseiidopods  or  pseudopods  may  be  absent 
altogether.  Sometimes  the  effect  of  this  solution  is  so  strong  that  the 
cells  remain  in  this  fixed  condition,  but  in  other  cases  a  slight  movement 
of  the  amoebocytes  out  of  the  piece  continues  slowly,  but  steadily,  and 
it  may  proceed  for  a  considerable  number  of  days  We  could  follow  it 
for  6  days;  but  there  is  very  little  doubt  that  imder  favorable  conditions 
it  may  continue  longer.  The  cells  under  those  conditions  are  relatively 
contracted,  show  on  the  whole  sharp  pseudopodia  and  furrows  in  their 
posterior  part.  The  granuloplasm  is  tight  and  moves  connectedly  and 
slowly  into  the  pseudopods.  If  the  optimal  concentration  is  reached 
the  growth  is  very  extensive  and  active  already  on  the  first  day.  The 
character  of  the  cells  is  on  the  whole  the  same;  the  cells  are  contracted, 
granular;  their  extension  and  hyalinization  is  very  slight.  On  the  first 
day  addition  of  10  per  cent  of  a  m/200  HCl  may  sometimes  be  as  good 
as  of  a  m/100  HCl  solution;  but  on  the  second  day  the  weaker  solution 
usually  allows  a  greater  extension  and  subsequent  hyalinization  of  the 
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cells.  The  weaker  the  acid  is,  the  more  it  allows  in  the  course  of  time 
extension  and  the  degenerative  processes  which  follow  it  to  take  place, 
although  at  first  the  acid  may  still  exert  a  beneficial  effect.  A  stronger 
solution  usually  shows  more  inhibition  on  the  first  day  but  it  continues 
to  keep  the  cells  in  a  contracted  and  actively  moving  state  for  a  longer 
period  of  time.  It  prevents  very  much  more  efficiently  the  spreading 
out  of  the  cells  and  its  injurious  consequences. 

In  weaker  acids  the  result  is  therefore  more  and  more  like  that  in 
neutral  NaCl  solutions;  at  first  this  weakening  of  the  effect  appears  only 
after  the  lapse  of  some  time;  but  if  still  weaker  acid  is  used,  it  becomes 
apparent  at  once.  The  stronger  solutions  keep  the  cells  contracted  and, 
if  used  in  optimal  quantities,  still  sufficiently  soft  to  permit  active  move- 
ment; if  the  acid  action  is  still  greater  the  cells  become  so  hardened  and 
fixed  that,  while  extension  is  prevented,  at  the  same  time  movement  is 
also  completely  inhibited. 

In  accordance  with  this  effect  of  acid  on  the  consistency  of  the  ceUs 
or  its  outer  layer  the  pseudopods  are  generally  made  sharper  through  the 
addition  of  acid;  occasionally,  however,  some  drops  are  observed  even 
in  acid  solutions,  especially  in  the  most  advanced  cells,  which  are  exposed 
to  the  full  effect  of  the  solution. 

Organic  acids  act  on  the  whole  like  HCl;  but  in  some  cases  it  appeared 
as  if  possibly  the  cells  were  somewhat  softer  in  the  solutions  of  organic 
acids  and  some  cells  showed  perhaps  some  broader  pseudopods  than  in 
solution  of  HCl. 

While  thus  acid  in  suitable  concentration  tends  to  preserve  the  blood 
cells,  to  prevent  the  spreading  out  of  the  amoebocytes  and  the  retrogres- 
sive changes  which  follow  this  extension,  this  effect  is  after  all  not  of 
indefinite  duration,  but  after  some  time  the  cells  will  extend  and  hya- 
linize  and  become  destroyed  even  in  an  acid  solution. 

The  rapidity  with  which  these  secondary  events  occur  depends  upon 
the  strength  of  the  acid.  If  it  is  so  strong  that  the  migration  is  slow 
and  the  cells  relatively  Uttle  motile,  as  if  it  were  hardened,  the  extension 
and  subsequent  retrogressive  changes  take  place  less  rapidly;  in  weaker 
acid,  as  after  addition  of  m/200  HCl,  the  extension  and  hyahnization 
usually  occur  more  rapidly  and  may  be  noticeable  already  on  the  second 
day.  Some  cells,  of  course,  in  direct  contact  with  the  cover  glass  and 
situated  in  the  periphery  of  cell  clumps  may  extend  and  hyalinize  as 
early  as  on  the  first  day.  But  even  extended  cells  may  preserve  their 
granules  longer  in  acid  than  in  a  neutral  solution. 
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The  rapidity  and  intensity  of  outgrowth  in  an  acid  solution  may  be 
80  great  that  it  may  surpass  akeady  on  the  first  day  the  zone  of  growth 
in  Ldmulus  senmi.  It  usually  exceeds  the  growth  in  Limulus  serum  on 
the  second  day,  when  in  the  latter  the  complete  extension  and  subse- 
quent retrogressive  changes  preclude  any  further  progress. 

The  effect  of  alkali.  One  part  of  a  m/10  to  m/20  NaOH  solution  added 
to  20  parts  of  m/2  or  5/8  m  NaCl  have  also  often  a  beneficial  effect  on 
the  preservation  of  the  cells  and  on  the  outgrowth  from  the  tissue, 
although  the  effect  is  usually  not  so  marked  as  in  optimal  solutions  of 
acid,  but  it  may  approach  this  effect.  Addition  in  the  same  proportion 
of  solutions  much  stonger  than  m/10  NaOH  has  a  dissolving  effect  on 
the  tissue,  and  solutions  much  weaker  than  m/20  NaOH  are  usually 
without  decided  effect,  although  perhaps  there  may  be  a  slight  tempor- 
ary influence  noticeable  from  solutions  as  weak  as  m/30  or  m/50  NaOH. 
Again  as  in  the  case  of  the  acid  the  amount  of  alkali  present  in  the  solu- 
tion is  diminished  through  the  admixture  of  some  serum  or  dissolved 
cell  material  to  the  fluid. 

Alkali  counteracts  the  dissolving  effect  of  the  neutral  salt  solution  and 
thus  preserves  the  cells.  The  character  of  the  migrating  cells  in  alkali  is 
similar  to  that  in  acid  solution;  the  cells  are  contracted;  a  large  number  of 
the  pseudopods  are  sharp  tongue  pseudopods.  There  exist  however  some 
distinct  differences  between  the  action  of  acid  and  alkali.  Alkali  usually 
permits  a  much  larger  number  of  cells  to  extend  and  to  become  dissolved 
at  an  early,  period  than  acid  does.  In  consequence  the  field  of  emigrated 
cells  is  in  alkali  usually  thin,  while  in  acid  it  is  densely  packed  with  cells, 
the  more  so  the  nearer  the  area  of  growth  is  to  the  piece  of  tissue.  In 
alkaU  many  cells  become  dissolved,  and  this  applies  not  only  to  extended 
cells,  but  sometimes  even  to  cells  which  have  not  yet  fully  spread  out, 
and  thus  there  may  be  found  considerable  interstices  between  neigh- 
boring cells.  These  are  now  free  from  cells,  but  cells  had  been  here 
previous  to  their  solution. 

On  the  second  day  retrogression  has  usually  become  much  more 
marked  in  alkali  than  in  acid.  This  combination  of  the  transient  pre- 
serving effect  of  alkaU  added  to  its  tendency  to  permit  after  some  time 
the  spreading  out  of  well  preserved  granular  cells,  may  make  the  picture 
presented  in  an  alkaline  solution  not  unlike  that  seen  in  Limulus  serum, 
where  also  the  cells  generally  extend  in  a  granular  form,  the  granules 
remaining  preserved  for  some  time  following  extension.  The  cells  are 
therefore  gradually  softening  in  alkali  and  thus  it  comes  about  that  while 
sharp  tongue  pseudopodia  are  quite  common  in  alkaline  solutions,  broad 
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and  round  pseudopods  seem  to  be  more  frequent  here  than  in  an 
acid  solution. 

The  effect  of  add  and  alkali  in  hypertonic  NaCl  solution  (3/4  m  NaCl 
solutions  were  used  in  these  experiments).  As  in  the  case  of  the  iso- 
tonic NaCl  solutions,  we  found  here  again  variability  in  the  results. 
In  many  cases  the  emigrating  or  marginal  cells  hyaUnized  and  cytolysed 
rapidly  and  the  solution  of  the  tissue  led  to  the  formation  of  an  opaque 
zone  and  of  granular  material  around  the  piece.  In  other  cases  a 
zone  of  contracted  granular  cells  formed  around  the  tissue.  In  accord- 
ance with  our  former  observations  the  pseudopods  were  usually  found 
sharp,  often  threadlike,  although  other  kinds  of  tongue  pseudopodia 
were  also  found  quite  commonly,  and  sometimes  even  small  drops 
developed.  The  average  of  the  pseudopods  was  however  quite  dis- 
tinctly sharper  here  than  in  isotonic  and  hypotonic  solutions.  Gradually 
the  NaCl  solution  penetrated  into  these  cells  and  made  them  hyaline, 
especially  after  they  had  spread  out;  but  even  in  contracted  cells  the 
hypertonic  NaCl  solution  could  enter  and  cause  a  solution  of  the  gran- 
ules. Temporarily  the  hypertonic  solutions  preserved  the  cells  in  some 
cases  better  than  isotonic  solutions;  but  whenever  a  good  outgrowth  was 
obtained  in  NaCl  solutions,  the  zone  of  outgrowth  was  greater  in  iso- 
tonic than  in  hypertonic  solutions. 

Addition  of  acid  in  the  same  proportion  as  in  the  case  of  isotonic 
solutions  proved  in  a  number  of  instances  beneficial.  The  area  of  out- 
growth was  enlarged  and  the  time  during  which  the  outgrowth  persisted 
was  increased.  In  one  case  we  followed  the  progress  of  outgrowth  over 
a  period  of  5  days  during  which  the  cells  were  mostly  kept  at  room  tem- 
perature. During  this  whole  period  the  majority  of  the  cells  was  weU 
preserved,  contracted  granular,  and  the  pseudopods  were  on  the  average 
very  sharp.  The  extreme  sharpness  of  many  pseudopods  is  characteris- 
tic of  a  combination  of  hypertonicity  and  acid  reaction.  The  granulo- 
plasm  moves  connectedly  into  the  pseudopods  in  accordance  with  the 
great  consistency  of  the  protoplasm  under  these  conditions.  We  find 
here  the  sharpest,  most  threadlike  pseudopods,  provided  the  solution 
permits  an  emigration  of  the  cells.  We  find  here  the  same  graduation 
in  the  strength  of  the  effect  of  acid  as  we  did  in  the  case  of  isotonic  solu- 
tions: we  observe  all  transitions  from  solutions  which  fix  the  cells  and 
thus  prevent  an  outgrowth  to  optimal  solutions  in  which  the  consistency 
of  the  protoplasm  is  increased  but  outgrowth  is  possible,  and  to 
ineffective  ones. 
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Again  the  optimal  solution  is  obtained  through  addition  of  about  10 
per  cent  of  a  m/100  to  m/200  HCl  solution.  In  some  cases  m/100  HCl 
was  optimal,  in  others  m/200  HCL  In  some  cases  it  appeared  as  if  in 
the  case  of  hypertonic  solutions  the  optimum  was  at  a  somewhat  greater 
dilution  (m/200  HCl)  than  in  the  case  of  isotonic  solutions;  but  if  this 
should  prove  to  have  been  more  than  a  coincidence,  it  cannot  apply  to 
all  cases,  because  in  some  instances  m/100  HCl  was  more  favorable  than 
m/200  HCl.  It  is  very  probable  that  with  a  proper  dilution  of  acid 
hypertonic  solutions  wiU  prove  to  be  even  more  suitable  for  the  long- 
continued  emigration  of  cell  from  the  piece  than  isotonic  solutions, 
because  in  acid  hypertonic  solution  a  summation  of  hypertonicity  and 
increased  acidity  occurs.  Both  tend  to  prevent  the  taking  up  of  water 
into  the  cell,  and  thus  prevent  a  lowering  of  the  consistency  of  the  cell. 
But  even  in  hypertonic  acid  solutions  an  extension  and  destruction  of 
cells  sets  in  ultimately.  Further  experiments  will  have  to  decide  how 
long  this  can  be  delayed  through  the  selection  of  suitable  concentrations. 

In  a  number  of  cases  no  benefit  was  derived  from  the  use  of  acid  in 
these  solutions.  Whether  in  these  cases  the  hypertonic  NaCl  solution 
in  itself  increased  the  consistency  to  such  an  extent  that  acid  had  no 
chance  to  act,  or  whether  the  proper  concentration  of  the  acid  had  not 
been  found  in  these  cases,  cannot  be  stated  at  present. 

In  general  even  an  optimal  addition  of  HCl  to  a  hypertonic  solution 
cannot  produce  an  effect  equal  to  that  obtained  by  the  addition  of  acid 
to  an  isotonic  solution.  But  inasmuch  as  in  a  hypertonic  solution  the 
outgrowth  may  in  certain  cases  continue  over  a  longer  period  the  out- 
growth may  come  to  equal  that  obtained  in  isotonic  acid  solutions  at  a 
time  when  in  the  isotonic  solution  the  cells  had  begun  to  extend  and  thus 
to  undergo  solution  processes. 

Addition  of  alkali  to  hypertonic  solutions  also  produced  an  improve- 
ment in  a  number  of  cases;  addition  of  about  10  per  cent  of  a  m/10 
NaOH  solution  proved  usually  better  than  addition  of  a  m/20  NaOH 
solution.  But  again  in  alkah  hyalinization  and  extension  occurred 
usually  earlier  than  in  acid;  often  on  the  second  day  or  occasionally  even 
as  early  as  the  first  day.  In  alkali  drop  formation  may  occur  even  in 
hypertonic  solutions  and  in  one  case  circus  movements  of  the  drop  were 
observed;  furthermore  structures  resembling  eggs  with  fertilization 
membranes  were  found.  On  the  third  day  the  cells  in  alkaline  hyper- 
tonic solutions  did  no  longer  show  active  movement. 

The  effect  of  add  and  alkali  in  hypotonic  NaCl  solutions.  In  m/4  and 
m/6  solutions  of  NaCl  we  found  in  the  majority  of  experiments  instead 
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of  outgrowth  an  opaque  or  granular  material  around  the  piece,  the  result 
of  a  solution  of  the  margin  of  the  tissue.  In  some  cases,  however,  an 
outgrowth  occurred  such  as  we  obtained  in  hypotonic  NaCl  solution 
quite  frequently  in  previous  years.  Even  in  the  absence  of  a  definite 
outgrowth  we  not  rarely  found  a  limited  mmiber  of  cells  migrating  from 
the  piece;  occasionally  these  cells  were  suspended  in  the  surrounding 
fluid.  Again  we  observed  the  occurrence  of  the  broad  tongue  and  bal- 
loon pseudopodia  and  of  transitional  forms  in  hypotonic  solutions,  in 
addition  to  the  ordinary  tongue  pseudopodia  which  latter  were  quite 
numerous.  There  is  evidently  a  gradation  in  the  character  of  pseudo- 
pods  in  hypotonic  solutions.  As  long  as  the  cells  resist  the  action  of  the 
hypotonic  mediimi,  the  pseudopods  and  movements  of  the  granuloplasm 
may  be  approximately  normal;  but  when  they  begin  to  take  up  water 
and  thus  to  diminish  their  consistency  their  pseudopods  assume  the 
form  characteristic  of  hypotonic  solutions  and. of  a  lowered  consistency. 
Occasionally  even  circus  movement  may  be  observed  in  an  isolated  cell. 
When  the  effect  of  the  hypotonic  solutions  becomes  still  more  pro- 
nounced, those  structures  are  produced  which  we  designated  as  courts 
and  others  which  we  compared  with  fertilization  membranes;  still  other 
ceUs  may  merely  show  a  swollen  appearance  and  coarse  granulations. 
In  such  cells  the  movements  of  the  granuloplasm  have  usually  ceased 
and  the  cells  are  irreversibly  injured. 

In  those  cases  in  which  in  neutral  NaCl  solutions  a  good  outgrowth 
was  obtained,  it  was  inferior  in  hypotonic  solutions  to  that  observed  in 
isotonic  solutions. 

The  addition  of  acid  or  alkali  to  the  hypotonic  solutions  produced  a 
distinct  and  often  very  marked  improvement  in  many  cases,  but  not  in 
all.  It  seems  that  in  some  cases  the  cells  are  not  able  to  resist  the  effect 
of  the  hypotonic  solution  notwithstanding  the  counteracting  influence  of 
acid  or  alkaU.  If  we  reduce  in  such  cases  somewhat  the  degree  of  hypoton- 
icity,  the  acid  or  alkaU  may  be  rendered  efficient.  For  instance,  in 
cases  in  which  a  m/4  NaCl  was  found  to  be  too  hypotonic,  addition  of 
acid  or  alkali  to  a  m/3  NaCl  solution  caused  a  great  improvement  in 
tissues  with  a  low  degree  of  resistance.  But  in  many  cases  the  typical 
effects  of  acid  and  alkali  can  be  produced  not  only  with  a  m/4  NaCl, 
but  even  with  a  m/6  NaCl  solution.  Addition  of  acid  rather  than  of 
alkali  may  produce  in  such  cases  a  remarkable  improvement.  And  yet 
the  extent  of  outgrowth  in  an  hypotonic  acid  solution  is  usuaDy  distinctly 
inferior  to  that  in  an  acid  isotonic  solution,  but  occasionally  it  may 
approach  it,  and  in  one  case  even  surpassed  the  growth  in  isotonic  acid 
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solution  on  the  second  day.  The  distinction  due  to  the  osmotic  dif- 
ferences are  therefore  not  obUterated  by  acid  or  alkaU;  the  effects  of  the 
latter  are  rather  added  to  the  osmotic  efifects.  In  cases  in  which  there 
was  a  good  outgrowth  in  neutral  isotonic  NaCl  solution,  the  addition  of 
acid  and  alkali  improved  markedly  the*  growth  in  hypotonic  solutions 
and  in  other  experiments  in  which  there  was  no  or  only  a  very  slight 
outgrowth  in  neutral  NaCl  solutions,  acid  or  alkali  often  called  forth  a 
very  good  outgrowth.  It  is  however  probable  that  the  number  of  cases 
in  which  addition  of  acid  or  alkali  was  unable  to  improve  noticeably 
hypotonic  solution  is  greater  than  the  number  of  experiments  in  which 
they  were  ineffecitve  if  added  to  isotonic  solutions. 

The  effect  of  acid  and  alkali,  when  added  to  hypotonic  solutions,  in 
principle  is  similar  to  that  which  we  described  in  the  case  of  isotonic 
solutions.  Especially  acid  prevents  or  retards  the  entrance  of  water 
into  the  cell.  It  tends  to  preserve  it  and  to  prevent  the  solution  of  its 
granules.  Again  the  cells  in  the  acid  solutions  are  contracted,  fre- 
quently show  the  furrow  in  the  posterior  end  of  the  cytoplasm;  the  cells 
move  actively.  The  pseudopodia  tend  to  be  sharp  and  the  more  so, 
the  more  contracted  the  cell  as  a  whole  is.  However,  the  acid  and  the 
hypotonicity  of  the  solution  tend  to  counteract  each  other,  and  the  acid 
is  not  altogether  able  to  prevent  a  decrease  in  consistency,  and  in  such 
cases  the  pseudopods  become  broader  and  balloon-Uke;  occasionally 
even  circus  movement  may  be  observed. 

While  alkali  resembles  acid  in  that  it  tends  to  preserve  the  ceUs  and 
to  increase  their  outgrowth,  it  is  much  less  effective  than  acid.  As 
in  isotonic  media  alkaU  tends  to  produce  a  solution  of  the  ceUs  to  a 
much  greater  extent  than  the  acid.  It  promotes  the  extension  and 
subsequent  disintegration  of  cells;  but  even  contracted  cells  may  be 
dissolved  in  very  hypotonic  solutions  under  the  influence  of  alkali. 
Thus  we  are  liable  to  find  the  fields  of  outgrowth  in  hypotonic  alkahne 
solution  to  be  very  thin,  attenuated.  The  cells  not  rarely  have  the 
appearance  of  being  fixed,  oval  or  round  and  fiat  or  somewhat  extended. 

The  combination  of  marked  hypotonicity  and  alkaUnity  may  in  some 
cases  produce  changes  in  cells  which  are  similar  to  those  found  in  m/4 
KCl  solutions.  Balloons,  which  may  be  multiple,  and  by  means  of 
which  the  cells  may  move  can  develop;  and  in  some  of  these  ceUs  circus 
•movements  begin  to  take  place.  In  such  cases  alkah  probably  pene- 
trated into  the  cell  in  the  hypotonic  medium  and  decreased  the  con- 
sistency of  the  granuloplasm  sufficiently  to  call  forth  the  circus  move- 
ments.   The  optimal  quantity  of  acid  and  alkah  in  the  hypotonic 
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solutions  is  not  noticeably  diflferent  from  the  optimum  foimd  for  the 
isotonic  solutions;  it  varies  between  m  80  and  m/200  HCl  and  m/10 
to  m/20  NaOH.  Lactic  and  butyric  acids  also  were  effective.  In 
some  cases  it  appeared  that  the  stronger  acid  and  the  weaker  alkali 
were  preferable  in  hypotonic  solutions;  but  in  other  cases  no  such  dis- 
tinction was  p)Ossible. 

The  effect  of  acid  and  alkali  in  combination  with  mj2  and  m/4.  solutions 
of  LiCl.  To  judge  from  the  results  of  a  small  number  of  experiments 
the  effect  of  LiCl  in  m/2  and  m/4  solutions  is  similar  to  that  of  corre- 
sponding NaCl  solutions.  The  outgrowth  was  sUght,  tongue  pseudo- 
podia  or  sometimes  irregular  balloons  were  produced;  the  cells  under- 
went an  early  hyalinization.  Addition  of  acid  caused  an  improvement 
in  a  number  of  cases;  it  increased  the  amount  of  outgrowth  and  caused 
a  greater  contraction  of  the  cells  similar  to  that  found  in  NaCl  solutions. 
In  several  cases  m/100  HCl  caused  too  strong  an  acid  effect  while  m/200 
HCl  acted  favorably;  in  other  cases  however  m/100  HCl  was  better. 
Acid  caused  an  improvement  even  in  hypotonic  solutions  of  m/4  LiCl. 

In  isotonic  solutions  alkaU  preserved  the  cells  for  some  time  and  the 
ceUs  were  softer,  more  regular  than  in  acid  solutions;  they  were  either 
flat  or  extended  and  granular;  the  outgrowth  was  usually  less  than  in 
acid,  but  in  a  number  of  cases  better  than  in  controls.  In  isotonic 
solution  m/10  NaOH  was  optimal,  while  in  hypotonic  solutions  m/20 
NaOH  proved  to  be  better. 

The  effect  of  the  addition  of  add  and  alkali  to  isotonic  {5/8  and  1/2  m) 
solution  of  KCl.    In  many  experiments  no  outgrowth  occurred  in  iso- 
tonic solutions  of  KCl,  but  instead  precipitate  or  opacity  around  the 
piece  indicated  a  solution  of  the  margin  of  the  piece.     In  other  cases  a 
number  of  cells  were  freed  from  the  piece  as  the  result  of  these  solution 
processes.    The  cells  were  usually  sUghtly  swollen,  round,  coarsely 
granular  or  hyalin;  some  cells  showed  courts  or  fertiUzation  membranes 
ons.    OccasionaUy  a  small  zone  of  outgrowth  occurred;  among 
sUs  some  had  tongue  pseudopodia  or  transitions  between  tongue 
Kxiia  and  balloons;  others  showed  the  typical  KCl  character, 
aovement  of  granuloplasm  in  isotonic  KCl  solutions  was  usually 
ad  ceased  altogether  after  some  time.    The  outgrowth  in  m/2 
utions  was  relatively  best  in  those  experiments  in  which  also  in 
^lutions  the  cells  were  found  most  resistant, 
irnnber  of  experiments  addition  of  alkaU  or  hydrochloric,  butyric 
c  acid  did  not  produce  a  distinct  improvement.    The  small 
of  cells  which  sometimes  were  visible  around  the  piece  were 
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coarsely  granular;  some  had  courts,  others  were  fixed  and  did  not  show 
any  movement;  in  some  cases  it  seemed  that  the  acid  increased  the  con- 
sistency of  the  protoplasm.  In  a  number  of  cases  acid  produced  some 
improvement,  which  however  was  marked  only  in  a  few  instances. 

In  a  case  in  which  some  improvement  was  produced,  m/100,  m/200 
HCl  and  m/100  butyric  acid  were  about  equally  beneficial  on  the  first 
day;  on  the  second  day  m/200  HCl  proved  to  be  better  than  m/100  HCl. 
In  this  case  the  cells  became  more  contracted  under  the  influence  of  the 
acid,  the  tongue  pseudopods  increased  in  number  and  sharpness;  yet 
despite  this  improvement  there  was  alwa3rs  some  efifect  of  potassium 
noticeable.  Even  in  the  cells  in  which  tongue  pseudopodia  through 
which  movement  took  place,  had  been  produced,  the  protoplasm  of  the 
cells  was  more  rigid,  rounded  off  and  granular,  and  instead  of  the  granu- 
loplasm  secondarily  moving  into  the  pseudopods,  the  pseudopods  were 
kept  in  an  extended  state  and  pulled  the  cell  as  a  whole  along.  Thus  the 
movements  were  not  those  of  normal  amoebocytes,  but  comparable  to 
the  movements  of  a  snail  which  through  its  foot  pulls  the  rest  of  the 
animal  along.  Even  in  specimens  in  which  an  improvement  was  pro- 
duced through  the  acid,  the  potassium  effect  was  still  noticeable  in  the 
formation  of  balloon  and  drop  pseudopodia,  and  even  in  the  most 
favorable  specimens  the  movements  of  the  granuloplasm  were  restricted. 
OccasionaUy  even  circus  movements  occurred  in  acid  KCl  solution. 
There  was  no  or  only  a  very  slight  progress  on  the  second  day.  UsuaDy 
the  potassium  proved  too  toxic  at  that  time  and  the  cells  were  fixed 
and  swollen.  Addition  of  alkaU  rather  emphasized  than  attenuated 
the  potassium  effects  and  it  was  therefore  not  beneficial;  acid  on  the 
other  hand  counteracted  to  some  extent  the  tendency  of  the  cells  in  K 
salts  to  take  up  water;  and  thus  in  acid  potassium  solutions  the  ceUs 
were  usually  isolated  and  rarely  formed  clumps  as  they  did  in  alkali. 

The  effect  of  addition  of  add  and  alkali  to  hypotonic  (m/3  and  m/4) 
solutions  of  KCL  In  m/4  solutions  of  KCl  a  part  of  the  margin  of  the 
tissue  was  often  dissolved,  and  precipitate  or  an  opaque  area  surrounded 
the  piece.  Quite  frequently  we  found  a  number  of  isolated  cells  around 
the  piece  and  these  showed  changes  characteristic  of  m/4  KCl  solutions. 
The  cells  took  up  water  and  they  became  coarsely  granular,  baUoons  and 
typical  circus  movements  developed.  A  number  of  cells  disintegrated 
and  their  disintegration  caused  the  formation  of  a  coarsely  granular 
precipitate.  Especially  in  those  experiments  in  which  good  results 
were  obtained  with  NaCl  solutions,  the  effect  in  the  m/4  KCl  solutions 
was  likewise  better;  the  number  of  cells  showing  circus  movements  on 


Digitized  by 


Google 


292  LEO   LOEB   AND  KENNETH  C.   BLANCHARD 

the  whole  being  greater,  and  occasionally  more  contracted  cells  with  the 
typical  furrows  were  observed. 

Addition  of  alkali  (1  part  of  m/10  to  m/20  NaOH  to  10  parts  of  a 
m/4  KCl  solution)  apparently  accentuated  the  potassium  effect;  the 
balloons  and  circus  movements  seemed  to  become  more  frequent;  other- 
wise no  marked  change  was  produced.  Addition  of  acid  in  the  usual 
proportions  on  the  other  hand  had  a  tendency  to  decrease  or  to  prevent 
the  circus  movements  and  balloon  formation;  although  both  did  occur 
in  acid  solution.  Frequently  the  cells  were  round,  hyaline  or  granular, 
but  in  a  number  of  cases  tongue  pseudopodia  or  transitions  between 
tongue  pseudopodia  and  balloons  were  formed,  and  in  accordance 
with  the  increase  in  the  number  of  tongue  pseudopodia  the  nimaber  of 
outgrowing  cells  was  distinctly  increased.  Again  we  found  that  those 
tissues  which  also  in  other  solutions  showed  the  greatest  activity  and 
resistance  gave  the  best  results  after  the  addition  of  acid.  On  the  whole 
acid  tended  to  make  the  cells  more  consistent,  to  decrease  the  taking 
up  of  water  and  the  fluidity  of  the  granuloplasm,  and  thus  to  counteract 
the  effect  of  potassium. 

When  the  action  of  acid  was  too  strong  the  cells  were  fixed;  if  the 
action  was  slightly  less,  the  consistency  was  sufficiently  great  to  permit 
the  formation  of  tongue  pseudopodia,  and  at  the  same  time  it  left  a  few 
cells  sufficiently  soft  to  make  possible  the  circus  movements  and  the 
formation  of  balloons.* 

The  effect  of  isotonic  and  hypotonic  solutions  of  RbCl  and  CsCL  In 
m/2  solutions  of  RbCl  and  CsCl  the  efiFect  is  intermediate  between  that 
caused  by  m/2  NaCl  and  m/2  KCl.  The  cells  emigrate  as  contracted 
granular  cells  with  sharp  to  broad  tongue  pseudopodia,  spread  out  and 
become  hyaline.  In  so  far  they  resemble  cells  in  NaCl  solution;  but  at 
thp  same  time  there  are  noticeable  some  effects  that  are  similar  to  those 
of  potassium. 

A  number  of  cells  are  flat  and  coarsely  granular  and  balloons  are 
noticeable  in  addition  to  the  tongue  pseudopodia.  In  cases  in  which 
the  outgrowth  is  very  good  in  NaCl  solutions,  the  outgrowth  in  RbCl  and 
CsCl  may  approach  that  in  NaCl;  in  such  cases  the  cells  are  similar 
to  those  seen  in  NaCl  solution;  they  are  granular  contracted  and  form 
tongue  pseudopodia.  When  the  outgrowth  is  very  sUght  or  lacking  in 
m/2  NaCl  solution,  the  outgrowth  is  likewise  diminished  in  RbCl  and 
CsCl,   but  it  is  here  somewhat  better  than  in  NaCl  solutions. 

*  In  order  to  make  certain  that  the  effect  of  potassium,  which  we  had  described 
previously,  was  not  due  to  an  admixture,  we  used  a  KCl  salt  prepared  by  Doctor 
Doisy  which  had  been  specially  purified  and  which  he  kindly  put  at  our  disposal. 
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In  in/4  RbCl  and  m/4  CsCl  the  outgrowth  was  always  better  than 
in  m/4  ECl  and  accordingly  tongue  pseudopodia  were  somewhat  more 
numerous;  and  in  this  respect  these  solutions  resembled  m/4  NaCl 
solutions.  But  at  the  same  time  the  formation  of  balloons  and  transi- 
tions between  balloons  and  tongue  pseudopodia  was  very  pronounced 
and  we  found  distinct  circus  movement  in  a  number  of  cases.  There 
were  polarized  and  irregular  balloons  through  which  the  cells  could 
move.  Also  coarsely  granular,  flat  cells  were  found.  The  greater 
frequency  of  balloons  and  the  occasional  occurrence  of  circus  movements 
were  effects  similar  to  those  observed  in  m/4  KCl.  In  m/4  KCl  on  the 
other  hand  the  circus  movements  were  more  frequent  and  the  outgrowth 
more  limited.  In  these  solutions  we  have  the  combined  effect  of  hypo- 
tonicity  and  of  specific  ion  effects  on  pseudopodia. 

RbCl  and  CsCl  are  therefore  intermediate  between  KCl  and  NaCl. 
On  the  whole  RbCl  approaches  perhaps  KCl  more  than  CsCl,  although 
the  difference  between  RbCl  and  CsCl  is  slight. 

The  effect  of  add  and  alkali  in  combinaiion  with  RbCl  and  CsCl.  M/lOO 
and  m/200  HCl  added  to  isotonic  solutions  of  CsCl  and  RbCl  in  the 
proportion  of  1  to  10  produced  a  marked  improvement.  The  outgrowth 
increased  and  the  cells  became  more  contracted,  their  pseudopods  were 
sharper;  but  even  in  these  mixtures  the  effect  of  Rb  and  Cs  was  notice- 
able and  occasionaUy  some  balloons  and  even  restricted  circus  move- 
ments ocurred  notwithstanding  the  presence  of  the  acid.  RbCl  and 
CsCl  counteract  therefore  partially  the  effect  of  the  acid.  M/10  and 
m/20  NaOH  cause  an  increased  rarefication  of  the  field  through  solution 
of  cells,  a  softening  of  the  cells,  hypotonic  pseudopodia  and  circus 
movements.  There  was  thus  no  improvement  noticeable  under  the 
influence  of  alkali. 

In  hypotonic  (m/4)  CsCl  and  RbCl  acid  added  in  the  usual  propor- 
tion generally  causes  an  increase  in  the  consistency  of  the  cells;  they  are 
made  tighter,  their  pseudopods  become  sharper.  In  some  cases  m/100 
HCl  was  too  strong  in  its  action  and  did  not  permit  outgrowth  to  take 
place;  in  other  cases,  however,  it  increased  outgrowth,  m/200  HCl 
had  a  beneficial  effect  in  a  number  of  cases;  at  the  same  time  it  permit- 
ted circus  movements  in  a  few  cases.  While  generally  acid  restricts 
circus  movements  very  much,  it  does  not  actually  prevent  them;  and 
especially  in  weaker  acid  they  may  occur.  The  Rb  and  Cs  effect  is 
furthermore  evident  in  the  formation  of  balloons  even  in  an  acid 
medium.  Alkali  again  has  a  softening  influence  and  may  promote  the 
development  of  circus  movements;  it  does  not  increase  the  outgrowth. 
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In  a  ml 2  solution  of  NHJCl  the  outgrowth  was  slight;  it  was  still 
more  diminished  in  a  m/4  NH4CI  solution.  The  cells  in  these  solu- 
tions were  usually  round  or  oval,  often  flat;  the  granules  were  well  pre- 
served. In  extended  granular  cells  a  honeycombed  appearance  was 
noticeable,  perhaps  the  result  of  the  solution  of  some  granules.  In- 
stead of  well-formed  tongue  pseudopodia  we  find  in  NH4CI  solutions 
short  rudimentary  pseudopods,  which  usually  are  somewhat  rounded 
and  often  appear  as  small  drops  and  balloons.  Especially  common 
were  multiple  small  drops,  which  produced  the  appearance  of  irregular 
mulberry  cells,  not  unlike  those  produced  through  exposiu-e  of  the  cells 
to  a  higher  temperatiu-e.  Some  of  these  cells  disintegrated  into  masses 
of  cell  granules;  especially  in  hypotonic  solutions.  But  even  in  isotonic 
solutions  a  niunber  of  cells  disintegrated  and  became  dissolved.  On 
the  whole,  however,  NH4CI  had  a  tendency  to  preserve  the  cells  and 
the  piece  relatively  well  at  least  for  some  time. 

Addition  of  m/100  or  m/200  HCl  to  the  NHJOl  solutions  in  the  usual 
proportions  does  not  noticeably  increase  the  outgrowth,  but  it  has  some 
of  the  other  typical  acid  effects.  It  tends  to  make  the  cells  more  con- 
tracted, to  produce  furrows  through  contraction  of  the  protoplasm  and 
to  increase  the  nimiber  of  tongue  pseudopodia;  yet  it  cannot  over- 
come the  effects  of  NH4CI,  Multiple  droplets  and  mulberry  cells  still 
appear.  In  hypotonic  NH4CI  solutions  we  find  flat,  round  x)r  oval 
granular  cells  even  in  an  acid  medium. 

With  alkaU  (m/10  and  m/20  NaOH)  no  marked  effect  is  produced; 
the  typical  mulberry  cells  are  observed,  but  in  some  cases  the  nimiber 
of  tongue  pseudopods  and  the  contraction  of  the  cells  seem  to  have 
increased.  Gradually  cells  extend  in  these  solutions  and  the  extended 
cells  become  dissolved. 

In  solutions  of  m/2  and  m/3  CaCh  or  in  solutions  sUghtly  less  con- 
centrated than  m/3  CaCU  some  outgrowth  from  the  piece  usually  takes 
place,  but  the  field  of  growth  is  generally  not  dense  and  often  thin. 
This  is  due  to  the  fact  that  in  CaCU  solution  the  cells  readily  become 
hyaUne  and  are  soon  dissolved;  this  applies  not  only  to  the  extended  or 
partly  extended  cells,  but  even  the  contracted  cells  tend  to  undergo  this 
change.  CaCU  has  furthermore  the  tendency  to  keep  many  cells  in  a 
contracted  state  with  sharp  pseudopodia.  Occasionally  the  pseudopods 
are  long  and  rather  broad  and  the  cell  body  small,  round,  contracted; 
but  some  normal,  contracted  and  motile  furrow  cells  were  usually 
observed.  In  m/3  CaCla  solution  we  also  found  courts  and  the  cells 
resembUng  ova  with  fertilization  membranes.    On  the  second  day  no 
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progress  was  usually  noted;  instead  the  cell  movements  had  generally 
ceased. 

In  calcium  chloride  the  destruction  of  cells  is  therefore  rather  promi- 
nent and  the  viscous  material  resulting  from  this  process  often  assimies 
the  form  of  long  radiating  fibers  which  are  attached  to  the  piece  and 
extend  into  the  surrounding  fluid. 

Addition  of  HCl  (1  part  m/50  to  m/200  HCl  to  10  parts  CaCU  solu- 
tion) does  not  cause  any  decided  change.  The  character  and  fate  of  the 
cells  is  not  definitely  altered.  Sometimes  the  effect  of  CaCU  seems  to 
be  accentuated  through  the  addition  of  acid;  at  other  times  it  increases 
perhaps  slightly  the  number  of  healthy  contracted  furrow  cells.  Addi- 
tion of  alkah  in  the  usual  proportions  does  not  produce  any  notable 
changes. 

In  solutions  of  MgCU  the  outgrowth  of  the  tissue  varies  according  to 
the  concentration  used.  In  a  2/9  m  MgCU  solution,  the  margin  of  the 
tissue  is  dissolved,  precipitate  is  found  around  the  piece  and  no  growth 
takes  place.  In  a  m/3  MgCU  solution  some  cells  suspended  in  the 
fluid  are  found  around  the  piece.  These  cells  send  out  tongue  pseudo- 
podia  and  become  hyaline  after  some  time.  As  a  result  of  cytolysis 
radiating  fibers  around  the  piece  are  produced.  In  a  5/12  m  MgCU 
solution  the  result  is  similar,  the  outgrowth  is  slight.  Contracted 
granular  cells  with  sharp  pseudopodia  or  flat  irregular  cells  become 
hyaline  at  an  early  period.  In  a  m/2  MgCU  solution  the  outgrowth 
was  larger,  the  cells  were  better  preserved  and  clumps  of  granular  con- 
tracted cells  broke  away  from  the  piece  and  moved  into  the  fluid. 
Subsequently  many  cells  extended  and  became  hyaUne;  and  gradually 
even  granular  contracted  cells  became  hyaUne.  While  in  the  m/2 
solution  the  outgrowth  was  better  than  in  the  other  MgCU  solutions, 
the  cells  became  hyaline  more  rapidly  than  in  Limulus  serum^ 

Addition  of  m/50  or  m/200  HCl  in  the  usual  proportions  to  solutions 
of  MgCU  did  at  best  produce  only  a  sUght  improvement  in  the  out- 
growth. m/80  or  m/100  added  to  m/2  MgCU  increased  perhaps  the 
number  of  contracted  furrow  cells  with  sharp  pseudopods;  in  other 
cases  however  the  efifect  of  this  solution  was  too  strong  and  merely 
very  contracted  granular  cells  were  visible.  In  2/9  m  MgCU  solution 
to  which  acid  had  been  added  some  round,  granular  or  spindle  shaped 
cells  with  tongue  or  thread  pseudopodia  were  found  around  the  piece. 
They  had  probably  become  detached  from  the  piece  through  solution 
processes.  No  decided  improvement  was  produced  through  acid  in  this 
case. 
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Solutions  of  ml2  and  5/8  m  NaNO^  behaved  somewhat  similar  to 
isotonic  solutions  of  NaCl,  but  in  a  number  of  cases  the  outgrowth 
was  slightly  better  in  the  former.  The  cells  were  somewhat  better  pre- 
served in  the  NaNOa  solutions  in  experiments  in  which  a  NaCl  solution 
proved  to  be  an  imf avorable  medium.  As  usual  the  cells  emigrated  from 
the  piece  as  granular  contracted  cells,  they  became  flat  and  extended 
and  in  this  condition  the  hyalinization  or  solution  of  the  cells  occurred. 
NaNOs  seemed  to  make  the  cells  softer  and  thus  to  favor  their  extension. 

Addition  of  m/100  to  m/200  HCl  in  the  usual  proportion  caused  in 
some  cases  a  better  preservation  of  the  cells  and  increased  the  out- 
growth in  isotonic  solutions  of  NaNOj;  the  cells  were  more  contracted 
and  extension  and  hyalinization  delayed;  but  even  under  favorable  con- 
ditions some  solution  of  cells  occurred  even  in  acid  media  in  NaNOi 
solution.  In  other  cases  the  acid  was  either  too  strong,  and  led  to  a 
hardening  and  fixation  of  the  cells,  or  it  was  too  weak  and  not  able  to 
overcome  the  softening  and  dissolving  effect  of  NaNOs.  m/400  HCl 
was  without  effect.  It  seems  that  acid  is  not  quite  so  effective  with 
isotonic  NaNOs  solutions  as  with  NaCl  solutions.  However,  it  is  pos- 
sible that  some  accidental  variations  may  be  responsible  for  this  dif- 
ference. A  distinct  improvement,  however,  was  usually  produced  in 
m/2  NaNOs  solutions,  through  addition  of  alkali  (m/10  or  m/20  NaOH). 
The  cells  were  better  preserved,  hyalinization  delayed  and  the  outgrowth 
increased;  but  also  in  alkali,  solution  and  hyalinization  occurred  occa^ 
sionally  even  in  contracted  cells. 

In  m/4  NaNOs  some  outgrowth  took  place,  but  it  was  usually  slight 
and  the  emigrated  cells  hyalinized  after  some  time.  Addition  of  m/100 
to  m/200  HCl  in  the  usual  proportions  produced  a  very  marked  improve- 
ment. The  cells  became  contracted,  the  pseudopodia  very  sharp,  the 
consistency  of  the  protoplasm  increased  and  extension  was  much  de- 
layed. If  the  solution  had  a  very  strong  effect  and  called  forth  a  marked 
contraction  of  the  cells,  the  beneficial  effect  became  sometimes  clear 
only  on  the  second  day.  In  alkali  some  improvement  was  also  obtained, 
but  in  the  alkaline  solutions  there  was  more  extension  and  solution  of 
the  cells. 

In  an  hypertonic  (3/4  m)  solution  of  NaNOs  the  outgrowth  was  in 
a  number  of  cases  better  than  in  3/4  m  NaCl  solution;  the  cells  in  hyper- 
tonic NaNOs  solution  seemed  to  be  somewhat  softer  than  in  3/4  m 
NaCl.  Usually  extension  and  hyalinization  and  cytolysis  followed  in 
this  as  in  the  isotonic  solution;  and  in  some  cases  the  margin  of  the  piece 
was  dissolved  and  formed  a  precipitate. 
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Addition  of  m/100  and  in/200  HCl  led  to  an  improvement  which 
in  some  cases  was  very  marked;  but  after  some  time  hyalinization  oc- 
curred even  here.  In  alkali  likewise  improvement  in  outgrowth  and 
preservation  took  place;  but  here  the  process  of  solution  of  extended, 
and  even  of  not  extended  cells,  was  more  marked  than  in  the  case  of  acid. 

The  effect  of  ml 2,  m/3  and  m/4  NgvSOa  solutions  on  the  outgrowth  and 
character  of  cells.  In  solution  of  m/2  Na8S04  we  usually  find  a  small 
zone  of  cells  siu-rounding  the  piece.  The  cells  are  very  contracted, 
round  and  at  first  granular;  the  pseudopods  are  sharp,  often  assuming 
the  character  of  multiple  threads.  In  accordance  with  this  marked 
contraction  and  the  sharpness  of  the  pseudopods  the  cells  are  found 
to  be  Uttle  sticky  and  not  to  agglutinate  very  readily.  At  an  early 
period  many  of  these  contracted  cells  become  hyaline. 

Addition  of  m/100  to  m/400  HCl  does  not  change  very  markedly 
the  character  of  the  cells;  they  remain  contracted  and  round  and  with 
sharp  pseudopods;  but  the  granules  are  preserved  for  a  longer  period 
of  time.  The  number  of  cells  which  surround  the  piece  is  much  in- 
creased; they  usually  are  arranged  in  two  layers,  one  at  the  top  and  the 
other  at  the  bottom  of  the  drop.  The  cells  are  isolated.  In  a  weaker 
(m/300)  (1 :  10)  HCl  solution  furrow  cells  of  a  more  normal  kind  were 
observed,  and  some  extension  took  place.  Alkali  produced  at  best  only 
a  slight  improvement.  The  cells  were  here  also  contracted,  they  became 
hyaline  and  many  of  them  were  dissolved.  In  a  m/3  to  m/4  Na8S04 
solution  the  character  of  the  cells  was  similar  to  that  found  in  a  m/2 
Na2S04.  The  contracted  granular  cells  soon  became  hyaline.  Addi- 
tion of  m/100  HCl  in  the  usual  proportions  did  not  allow  a  more  marked 
outgrowth,  at  least  on  the  first  day;  the  solution  was  too  strong.  It  is 
however  possible  that  on  the  second  and  third  day  an  improvement 
would  have  become  apparent  as  the  result  of  the  acid. 

Addition  of  m/200  or  m/300  HCl  produced  a  very  marked  improve- 
ment. The  outgrowth  and  character  of  the  cells  in  this  solution  re- 
sembled that  in  an  acid  NaCl  solution.  The  hardening  effect  of  the 
SO4  ion  was  to  a  great  extent  neutralized;  m/10  to  m/30  NaOH  also 
produced  in  several,  but  not  in  all,  cases  an  improvement,  the  cells  be- 
came more  normal  in  the  alkaline  solution.  Again  alkah  favored  an 
early  extension  and  hyalinization  and  solution  of  the  cells  after  a  rela- 
tively short  period  of  preservation. 

Effect  of  a  solution  of  Na  citrate.  In  solutions  of  2/3  to  m/4  Na  citrate 
no  definite  outgrowth  occurs,  but  a  few  round,  contracted,  granular 
cells  with  sharp  tongue  pseudopodia  may  be  visible  around  the  piece. 


Digitized  by 


Google 


298  VEO  LOEB  AND   KENNETH   C.   BLANCHARD 

Addition  of  m/100  HCl  does  not  cause  any  improvement.  In  solutions 
of  5/12  to  3/12  m  Na  citrate  a  few  round  granular  or  hyalin  contracted 
cells  can  be  found  around  the  piece  whose  margin  may  be  partly 
dissolved. 

If  1  part  m/2  or  2/3  m  Na  citrate  is  added  to  9  or  12  parts  m/2  NaCl 
the  width  of  outgrowth,  which  would  occur  in  the  latter  solutions,  is 
usually  diminished.  The  cells  are  very  much  contracted,  round,  at  first 
granular,  later  they  become  hyalin.  The  pseudopods  are  very  sharp 
and  often  multiple  threads.  The  cells  do  not  readily  agglutinate.  Added 
in  the  same  proportions  to  a  m/4  NaCl  solution  the  character  of  the 
cells  is  similar,  but  in  accordance  with  the  lower  osmotic  pressure  of 
this  solution  there  may  be  produced  some  balloon  pseudopodia. 
In  combination  with  m/4  KCl,  citrate  (added  in  the  same  prqportions) 
does  not  change  the  character  of  the  cells  very  much;  there  occur  balloon 
pseudopods  and  occasionally  even  circus  movements;  neither  does  citrate 
distinctly  alter  the  cells  in  m/2  KCl;  perhaps  it  may  increase  somewhat 
the  consistency  of  the  protoplasm  without  noticeably  improving  the 
amount  of  outgrowth.  The  effect  of  citrate  is  thus  similar  to  that  of 
sodium  sulphate,  but  its  efifectiveness  is  much  greater  than  that  of  the 
sulphate. 

In  a  vanH  Hoff  solution  (artificial  seawater)  no  good  outgrowth  took 
place.  There  was  usually  cytolysis  and  hyalinization  at  the  margin 
of  the  piece.  Cells  became  transformed  into  radially  arranged  or  arcade 
like  fibers.  In  three  experiments  addition  of  m/100  HCl  produced  a 
great  improvement;  in  one  of  these  cases  the  improvement  became 
definite  only  on  the  second  day.  In  three  other  experiments  no 
improvement  was  produced. 

In  sterile  seawcUer  (2  experiments)  no  outgrowth  took  place;  the  mar- 
gin of  the  piece  was  dissolved  and  precipitate  formed  around  it.  Addi- 
tion of  m/100  HCl  did  not  call  forth  any  improvement. 

In  other  experiments  Limulus  serum  was  heated  to  100°;  the  proteid 
coagulated,  and  through  filtration  we  obtained  a  clear  fluid.  In  such 
filtrate  which  was  free  from  proteid  no  or  only  a  slight  outgrowth  occurred, 
which  was,  however,  somewhat  better  than  that  observed  in  van't 
Hoff  solution.  Addition  of  acid  or  alkah  in  the  usual  proportions  did 
not  lead  to  a  decided  improvement. 

We  see  then  that  a  solution  whose  inorganic  composition  is  similar 
to  that  of  Limulus  serum  is  much  inferior  to  the  latter.  This  agrees 
with  our  previous  observations.  We  found  however  in  experiments 
carried  out  in  1920  that  occasionally  the  results  obtained  in  such  solu- 
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tions  can  approach  those  in  Limnlus  serum.  We  find  here  evidently 
the  same  variable  factor  which  we  noticed  in  the  case  of  NaCl  solution, 
and  again  we  must  leave  it  undecided,  whether  this  variability  depends 
upon  changes  in  the  resistance  of  the  cells  or  in  a  variable  admixture 
of  substances  extracted  from  the  piece. 

In  a  mixture  of  2  cc.  fiUrate  of  coaguUUed  Limvlus  serum  and  0£  cc.  of 
ml  10  NaCN  cell  movement  took  place  similar  to  that  observed  in  the 
filtrate  alone.  The  cells  sent  out  pseudopods  and  showed  movements 
of  the  granuloplasm.  These  movements  are  not  prevented  by  cyanid 
added  in  the  proportions  used  in  this  experiments.  A  similar  result 
was  obtained  also  in  other  experiments  in  which  NaCN  was  added 
to  various  salt  soliftions. 

The  effect  of  addition  of  serum  to  salt  solutions.  The  difference  which 
we  found  between  the  action  of  salt  solutions  and  of  Limulus  serum  sug- 
gested the  use  of  a  combination  of  salt  solutions  and  Limulus  serum  in 
various  proportions,  in  order  to  determine  how  far  addition  of  salt 
solution  to  Limulus  serum  caused  a  deterioration  of  Limulus  serum  and, 
on  the  other  hand,  how  far  addition  of  Limulus  serum  to  the  salt 
solution  improved  the  latter.  The  mixture  of  serum  and  salt  solu- 
tion was  in  each  case  heated  to  above  55®  for  30  minutes  before  use. 

i.  A  mixture  of  a  filtrate  of  Limulus  serum  heated  to  100®  and  of 
fresh  Limulus  serum  in  the  proportion  of  3  parts  of  the  filtrate  and  1  part 
of  Limulus  serum,  or  of  3  parts  fresh  Limulus  serum  and  1  part  filtrate 
acted  almost  as  favorably  as  fresh  undiluted  Limulus  serum.  The 
second  mixture  was  perhaps  not  quite  so  good  as  the  first  one,  but  it 
approached  it  very  closely. 

£.  A  mixture  of  3  parts  sterile  seawater  +  1  part  Limulus  serum 
behaved  similar  to  seawater.  Addition  of  serum  did  not  call  forth  a 
marked  improvement.  In  one  experiment  addition  of  1  part  of  seawater 
to  3  parts  of  Limulus  serum  caused  a  very  marked  deterioration  of  the 
Limulus  serum. 

S.  A  mixture  of  3  parts  of  van't  Hoff  solution  +  1  part  of  Limulus 
serum  was  almost  as  good  as  pure  Limulus  serum. 

4*  In  a  mixture  of  3  or  5  parts  of  a  m/2  NaCl  solution  +  1  part  of 
serum  there  was  in  the  majority  of  cases  no  marked  improvement 
noticeable  over  a  m/2  NaCl  solution;  in  some  cases  an  improvement 
was  obtained,  although  the  mixture  was  in  no  instance  as  good  as 
Limulus  serum.  A  mixture  of  9  parts  of  a  m/2  NaCl  solution  +  1  part 
of  serum  behaved  similarly  to  a  m/2  NaCl  solution.  In  a  mixture  of 
5  parts  m/4  NaCl  with  1  part  of  serum  only  a  slight  increase  in  the  area 
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of  outgrowth  was  noticeable;  but  the  combination  of  the  hypotonic 
NaCl  solution  with  serum  led  to  the  production  of  balloons  and  occa- 
sional circus  movements.  This  combination  had  therefore  an  effect 
not  unlike  that  of  a  m/4  KCl  solution.  An  addition  of  1  part  of  a  m/2 
NaCl  solution  to  3  parts  of  serum  led  to  a  distinct  deterioration  of  the 
serum;  the  result  however  was  usually  better  than  in  a  m/2  NaCl 
solution. 

5.  Through  addition  of  1  part  of  a  m/2  LiCl  solution  to  3  parts  of 
Limulus  serum  a  distinct  deterioration  of  the  Limulus  serum  was 
effected,  with  exception  of  one  case  where  the  result  was  as  good  as  in 
limulus  serum;  on  the  other  hand,  through  addition  of  1  part  serum 
to  3  or  5  parts  of  m/2  LiCl  some  improvement  of  tMfe  LiCl  solution  was 
produced,  although  the  mixture  did  not  become  the  equal  of  Limulus 
serum. 

6.  Addition  of  1  part  of  a  m/2  or  m/4  KCl  solution  to  3  parts  of  serum 
produced  a  marked  deterioration  of  the  serum.  T3rpical  potassium 
effects  appeared.  With  m/4  KCl  solution  in  the  mixture  balloons, 
circus  movements  and  courts  were  noted;  with  a  m/2  KCl  solution  in 
the  mixture  circus  movements  were  only  occasionally  found.  The 
serum  caused  in  a  number  of  cells  hyaline  extension  ai^d  it  also  caused 
perhaps  a  slight  increase  in  the  outgrowth  over  that  found  in  KCl 
solution.  It  seemed  as  if  addition  of  serum  to  a  m/2  KCl  favored  in 
some  cases  the  appearance  of  circus  movements. 

The  effect  was  similar  if  1  part  of  serum  was  added  to  3  or  5  parts  of 
a  m/2  or  m/4  KCl  solution;  the  tjrpical  potassium  effects  were  notice- 
able. There  was  an  increase  in  circus  movements  in  m/4  KCl  solution, 
and  even  in  m/2  KCl  circus  movements  were  found  in  some  specimens. 
The  effect  of  serum  became  noticeable  perhaps  through  a  slight  in- 
crease in  outgrowth  and  hyaline  extension  of  cells  which  was  found  in 
these  mixtures. 

7.  Addition  <rf  1  part  of  serum  to^  6  parts  of  a  m/2  or  m/4  RbCl  at 
CsCl  called  forth  an  increase  in  outgrowth,  which  was  very  marked  in 
some  cases;  the  effect  of  RbCl  and  CsCl  was  still  noticeable  in  the 
mixture  through  the  presence  of  occasional  balloons  and  circus  move- 
ments. 

5.  Addition  of  1  part  of  serum  to  8  or  5  parts  of  a  m/2  NHJCl  solution 
did  not  produce  a  marked  change.  The  cells  characteristic  of  NBUCl 
(multiple  drop  pseudopodia  or  flat  extended  honeycombed  cells)  could 
still  be  foimd;  the  outgrowth  was  slight.  The  addition  of  serum  may 
however  become  apparent  in  the  hyaline  spreading  out  of  cells  which 
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was  found  in  some  cases,  and  also  in  the  greater  number  of  contracted 
granular  cells.  Addition  of  1  part  of  a  m/2  NH4  solution  to  3  parts  of 
Idmulus  senmi  led  to  a  marked  deterioration  of  the  serum.  Even 
here  the  typical  mulberry  cells  of  NH4CI  were  visible. 

9.  Addition  of  1  pari  serum  to  3  or  9  parts  of  a  m/2  or  m/3  CaCh 
solution  does  not  produce  a  marked  change;  we  still  find  the  marked 
hyalinization  and  cytolysis  of  cells  characteristic  of  CaCli.  Addition 
of  1  part  of  CaCls  to  3  parts  of  serum  usually  causes  a  marked  deterio- 
ration of  the  serum  and  an  early  cytolysis  of  the  cells. 

10.  Addition  of  1  part  of  a  m/3  MgCU  solution  to  3  parts  of  serum 
may  give  results  similar  to  serum  or  may  produce  a  deterioration  of  the 
serum.  Mixtures  in  which  the  MgCU  solution  predominated  over 
serum  were  usually  much  inferior  to  senun. 

We  find  then  that  some  improvement  may  be  produced  through 
addition  of  serum  to  solutions  of  single  salts,  but  that  usually  the  result 
is  much  inferior  to  that  produced  through  addition  of  a  trace  of  acid. 
If  about  25  per  cent  of  salt  solution  is  added  to  Limulus  serum  a  decided 
deterioration  of  the  serum  usually  occurs,  but  in  some  cases  the  result 
may  approach  that  obtained  in  pure  serum.  In  mixtures  of  KCl  or 
NH4CI  and  serum  the  cellular  reactions  characteristic  of  these  salt 
solutions  are  usually  present.  In  case  of  certain  composite  salt  solu- 
tions, like  van't  Hoff  solution,  Limulus  serum  filtrate  which  resembles 
Limulus  serum,  as  far  as  the  inorganic  constituents  are  concerned, 
addition  of  25  per  cent  of  Limulus  serum  makes  the  mixtures  as  good 
or  almost  as  good  as  Limulus  serum.  There  exists  therefore  in  Limulus 
senun  a  certain  surplus  of  proteids,  as  far  as  the  protective  influence  of 
Limulus  serum  on  cells  is  concerned. 

Effect  of  hypertonicity  of  soli  solviions  on  the  outgrowth  of  cells.  We 
have  seen  that  in  a  3/4  m  NaCl  solution  the  outgrowth  is  not  so  good  as 
in  a  m/2  NaCl  solution.  This  could  be  directly  shown  in  cases  in  which 
.the  tissues  grew  well  in  isotonic  solutions  of  NaCl,  while  in  our  recent 
experiments  in  which  in  the  majority  of  experiments  the  cells  proved 
little  resistant  to  a  m/2  NaCl  solution,  the  difference  between  hyper- 
tonic and  isotonic  solutions  became  apparent  after  addition  of  acid. 
We  found,  however,  that  in  the  tissues  which  showed  little  resistance 
in  3/4  m  and  m/2  NaCl  solutions,  some  improvement  could  be  pro- 
duced through  the  use  of  a  concentration  intermediate  between  m/2 
and  3/4  m.  A  moderate  increase  in  osmotic  pressure  seemed  to  produce 
an  improvement.  Solutions  intermediate  between  a  3/4  and  5/8  m 
solution  were  usually  found  best.    It  is  probable  that  the  slightly  hyper- 
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tonic  solutions  retarded  the  entrance  of  fluid  into  the  cells  and  thus 
exerted  a  preserving  effect.  The  improvement  thus  produced  was  how- 
ever only  moderate  and  not  comparable  to  that  called  forth  through 
addition  of  acid  to  isotonic  NaCl  solutions  under  optimal  conditions. 

DISCUSSION 

Our  results  indicate  that  at  the  isoelectric  point  amoebocytes  are 
least  resistant  to  injurious  influences  and  have  the  greatest  degree  of 
permeability  to  the  surrounding  fluid.  We  see  that  acid  and  to  some 
extent  alkali  may  protect  the  cells  not  only  in  isotonic  but  in  certain 
cases  also  in  hypotonic  and  in  hypertonic  solutions.  Under  the  in- 
fluence of  the  acid  in  optimal  concentration  the  cells,  their  consist- 
ency, the  character  of  pseudopods,  the  movement  of  granuloplasmremain 
healthy.  This  relation  between  consistency  of  protoplasm  and  character 
of  pseudopods  and  amoeboid  movement  is  in  agreement  with  our  previous 
conclusions  (11). 

We  may  therefore  assume  that  acid  prevents  the  surrounding  fluid, 
salts  as  well  as  lyater,  from  entering  the  cells.  In  hypertonic  acid 
solution  an  increase  in  consistency  occurs  and  here  we  find  an  increase 
in  the  average  sharpness  of  pseudopods.  While  acid  may  not  prevent 
the  withdrawal  of  fluid  from  the  cells  in  hypertonic  solutions,  it  pro- 
tects to  some  extent  the  cells  against  the  entrance  and  effect  of  in- 
jurious constituents  of  the  surrounding  medium.  The  same  protective 
influence  is  noticeable  to  a  much  greater  degree  in  isotonic  and  hypo- 
tonic solutions.  It  is  very  probable  that  acid  acts  mainly  on  the  outer 
layer  of  the  cell;  but  at  present  we  cannot  exclude  the  possibiUty  that 
it  may  in  some  cases  in  addition  exert  a  similar  effect  on  inner  bounda- 
ries between  colloid  particles  and  the  surrounding  Hquid.  In  addition 
to  this  protective  influence  both  acid  and  alkali  exert  specific  effects, 
acid  having  an  hardening  and  alkaU  a  softening  effect  on  the  cells. 

In  accordance  with  this  increase  in  consistency  caused  by  acid  pseudo- 
pods are  on  the  average  sharper  in  acid  than  in  neutral  solutions.  The 
softening  effect  of  alkali  leads  to  a  more  rapid  spreading  out  and  de- 
struction of  the  cells.  The  beneficial  influence  of  alkali  is  therefore 
usually  much  more  transient  than  that  of  acid.  The  improvement 
caused  by  acid  or  alkali  is  however  limited  by  the  effect  of  the  other 
substances  in  the  solution.  In  media  which  cause  such  marked  altera- 
tion of  the  cells,  as  we  find  in  solutions  of  KCl,  NH4CI  and  certain  other 
substances,  acid  and  alkaU  show  no  or  only  a  very  sUght  beneficial  effect. 
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The  results  we  obtained  with  organic  acids  indicate  that  the  effects 
observed  in  acid  solution  do  not  altogether  depend  on  changes  in  pH 
concentration,  but  that  the  anion  may  also  play  a  certain  part.  We 
find  then  that  in  both  acid  and  alkaline  solutions  the  amoeboc3rtes  may 
be  active. 

Limulus  and  spider  crab  blood  show  according  to  the  measurements  of 
Dr.  S.  Moi^uhs  a  pH  of  7.4  to  7.6,  a  value  which  does  not  differ  very 
much  from  that  f oimd  in  manunaUan  blood  serum. 

Within  the  body  and  under  normal  conditions  the  amoebocytes  are 
therefore  suspended  in  a  slightly  alkaUne  medium,  and  they  are,  as  we 
have  previously  seen,  on  the  whole  non-motile.  It  is  due  to  two  factors 
that  the  cells  remain  well  preserved  in  this  medium:  1,  the  action  of  the 
proteids  of  the  blood;  and  2,  the  lack  of  those  stimuli  which  are  active 
in  the  changed  environment.  The  normal  Uning  of  the  body  spaces 
leaves  the  amoebocytes  unchanged;  they  remain  flat,  eUiptic,  non- 
sticky  discs.  Some  organic  constituents  of  the  blood,  in  all  probabihty 
the  proteids,  protect  the  cells;  this  follows  from  the  marked  difference 
which  is  usually  found  in  Limulus  serum  with  its  proteids  intact  and  in 
Idmulus  serum  filtrate  obtained  from  coagulated  blood  serum  or  in  ^ 
van't  Hoff  solution.  The  blood  proteids  protect  therefore  in  all  prob- 
ability the  cells  for  some  time  against  those  injurious  changes  which 
would  otherwise  take  place  at  or  near  the  isoelectrical  point. 

The  real  pH  concentration  of  the  media  which  surrounded  the  cells 
in  our  experiments  remains  still  to  be  determined.  Substances  extracted 
from  the  piece  of  tissue  undoubtedly  neutraUze  a  part  of  the  acid.  So 
far  we  have  made  only  a  preliminary  test  with  an  indicator  of  the  re- 
action of  the  fluid  which  surrounded  the  piece  and  which  had  been  made 
acid  through  addition  of  m/100  HCl  in  the  usual  proportions.  It  was 
still  found  acid  at  the  end  of  the  experiment.  A  good  outgrowth  had 
taken  place  in  this  case. 

There  may  be  in  addition  to  the  direct  effect  of  acid  and  alkaU  an 
indirect  way  in  which  they  may  perhaps  exert  a  beneficial  action.  By 
combining  with  the  proteid  material  in  the  fluid  protein  salts  are  prob- 
ably formed  which  may  bind  a  certain  amount  of  water  which  would 
thus  be  prevented  from  acting  on  the  blood  cells. 

It  is  probable  that  different  kinds  of  cells  and  tissues  differ  in  their 
sensitiveness  to  acid;  it  is  furthermore  certain  that  a  greater  concentra- 
tion of  neutral  salts  counteracts  certain  injurious  effects  of  acids.  Those 
cells  are  presumably  better  able  to  withstand  injurious  effects  of  acid 
which  are  better  adapted  to  higher  osmotic  pressures  of  the  surrounding 
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medium.  The  earlier  investigations  of  Michaelis  and  Kramsztyk  (12) 
and  the  recent  studies  of  Schade,  Neukirch  and  Halpert  (13)  make  it 
certain  that  also  in  mammalians  many  cells  are  adapted  to  a  higher 
hydrogen  ion  concentration  than  is  normally  found  in  the  blood. 

In  the  fluid  surrounding  the  tissues  and  in  the  tissues  themselves 
variations  occiu'  in  the  concentration  of  acid  which  are  caused  through 
the  metaboUsm  of  the  cells.  An  increase  in  the  acidity  of  tissues 
has  been  held  to  be  the  principal  cause  of  edema.  From  our  ex- 
periments we  may  conclude  that  if  a  certain  degree  of  hydrogen  ion 
concentration  is  reached  in  the  fluid  directly  surrounding  the  cells  the 
entrance  of  water  into  the  tissues  proper  may  be  prevented.  Such  an 
increase  in  acidity  would  therefore  have  rather  a  preventive  than  a 
promoting  effect  on  edema  of  the  tissues  in  contradistinction  to  the 
tissue  spaces. 

It  is  probable  that  what  holds  good  in  the  case  of  amoebocytes  appUes 
equally  in  the  case  of  certain  other  labile  cells;  in  this  connection  we 
must  however  take  into  consideration  differences  in  the  adaptation  to 
osmotic  pressure  on  the  part  of  different  kinds  of  cells;  this  might  modify 
the  effect  of  acid  and  aUcaU  on  these  cells  and  tissues. 

Our  experiments  very  clearly  bring  out  one  of  the  factors  which  may 
cause  the  death  of  tissue  cells.  We  have  previously  shown  that  many 
mammaUan  tissue  cells  have  a  potential  immortality;  they  die  because 
of  unfavorable  conditions  which  develop  in  their  environment. 

An  analysis  of  the  conditions  which  lead  to  the  death  of  cells  in  the 
body,  and  of  the  factors  which  tend  to  preserve  the  cells,  would  be  of 
great  importance.  We  know  that  a  low  temperature  which  diminishes 
metabolism  prolongs  the  life  of  cells  and  organisms.  In  the  case  of 
tissues  this  preserving  influence  has  been  used  in  many  instances;  but 
it  has  also  been  shown  by  Jacques  Loeb  and  Northrop  (14)  and  Ray- 
mond Pearl  (15)  to  hold  good  in  the  case  of  whole  organisms  (Droso- 
phila).  Here  the  duration  of  life  is,  as  these  authors  have  shown,  a 
function  of  the  intensity  of  the  metaboUsm  and  therefore  of  the  tempera- 
ture. In  the  eggs  of  Arbacia  Jacques  Loeb  could  increase  the  resistance 
of  the  cells  to  injurious  influences  through  withdrawal  of  oxygen  (16). 

In  the  case  of  the  blood  cells  of  limulus  we  recognized  another  factor 
as  injurious  and  causing  processes  of  dissolution,  namely,  the  spreading 
out  of  the  cells  in  response  to  stereotropic  stimuli  (10).  A  cell  which 
in  the  contracted  state  might  be  preserved  even  in  a  not  fully  adequate 
mediimi,  becomes  dissolved  as  soon  as  it  begins  to  spread  out,  or  even 
with  increased  intensity,  after  it  has  become  fully  extended.    If  we  pour 


Digitized  by 


Google 


FACTORS  INFLUENCING   OUTGROWTH  OF  AMOEBOCTTE  TISSUE     305 

very  gently  on  amoebocytes,  which  are  finnly  or  loosely  fixed  on  the 
surface  of  a  slide,  a  fluid  which  has  a  moderately  injurious  influence  on 
the  cells/  we  notice  that  it  is  always  the  extended  cells  which  are  dis- 
solved first,  while  the  contracted  cells  resist  much  longer  the  injurious 
effect  of  the  solution.  We  may  thep  conclude  that  in  all  probability 
the  process  of  spreading  out  leads  to  an  increase  in  the  permeability  of 
the  cells  which  now  become  more  readily  accessible  to  the  injurious 
effect  of  water  and  other  constituents  of  the  surrounding  medium  which 
tend  to  enter  the  cells.  By  delaying  the  spreading  out  of  the  ceUs 
through  various  means,  for  instance,  through  placing  the  tissue  on  a 
base  of  vaseline,  or  paraffin,  or  through  increasing  the  consistency  of  the 
cells  through  a  combination  of  salts  with  acid  or  alkali,  or  perhaps 
through  a  sUght  increase  in  the  osmotic  pressure  of  the  surrounding 
mediiun,  we  may  be  able  to  delay  the  spreading  out  of  the  cells  and  thus 
in  favorable  cases  to  prolong  the  life  of  the  cells  over  a  considerable 
period  of  time. 

In  this  connection  we  wish  to  point  out  that  the  stereotropic  spreading 
out  of  cells  is  a  phenomenon  of  considerable  importance  in  tissue  forma- 
tion in  general,  and  we  must  consider  the  possibility  that  an  increase  in 
the  permeability,  which  we  found  associated  with  the  process  of  spread- 
ing out  in  the  case  of  amoebocytes,  may  under  similar  conditions  also 
occur  in  other  cells  and  perhaps  play  a  part  in  tissue  differentiation. 

SUMMARY  AND  CONCLUSIONS 

1.  The  effect  of  various  salt  solutions  on  the  cells  emigrating  from 
cultures  of  experimental  amoebocyte  tissue  accords  with  the  effect  of 
thesa  solutions,  formerly  described  by  us,  on  blood  cells  suspended  in  a 
drop  of  blood  which  has  been  received  directly  in  these  solutions.  We 
found  a  decrease  in  consistency  of  the  cells  under  the  influence  of  potas- 
sium salts,  a  production  of  pseudopods  followed  by  hyalinization  and 
cytolysis  in  sodium  chloride,  an  intermediate  condition  in  RbCl  and 
CsCl,  a  preservation  of  granules  and  the  formation  of  mulberry  cells  in 
NH4CI,  a  marked  hyalinization  and  cytolysis  in  CaCla,  a  contraction 
and  increase  in  consistency  of  cells  in  Na2S04  and  citrate  solutions.  In 
accordance  with  our  former  investigations  we  found  that  all  those  solu- 
tions which  tend  to  decrease  the  consistency  of  the  cells  cause  a  broaden- 
ing and  rounding  off  of  pseudopods  (hypotonic  solutions,  salts  of  K, 
Rb,  Cs).  While  an  increase  in  consistency  causes  the  pseudopods  to 
be  finer  and  sharper  (hypertonic  solutions,  sulphates,  citrate) ;  in  NH4CI 
multiple  rudimentary  droplet  pseudopodia  may  appear. 
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Through  removal  of  the  proteids  from  the  blood  serum  a  deterioration 
is  caused  in  the  Limulus  serum;  addition  of  blood  serum  to  the  filtrate 
of  coagulated  Limulus  serum  in  proportions  of  1  part  of  serum  to  3 
parts  of  filtrate  or  van't  Hoff  solution  restores  the  efficiency  of  the  latter 
as  a  medium  for  the  blood  cells.  Addition  of  blood  serum  to  solution 
of  single  salts,  which  are  in  themselves  injurious  for  the  blood  cells,  may 
produce  an  improvement,  without  however  producing  an  effect  equal  to 
that  seen  in  pure  blood  serum.  Addition  of  as  little  as  10  per  cent  serum 
to  the  salt  solution  is  without  marked  effect. 

We  found  a  considerable  variability  in  the  effect  of  solution  of  NaCl 
on  cells  emigrating  from  amoebocyte  tissue;  while  in  some  cases  the 
outgrowth  was  as  good  as  in  Limulus  serum,  in  others  a  rapid  hyaliniza- 
tion  and  cytolysis  occurred.  This  effect  of  NaCl  solutions  on  the  amoe- 
bocyte tissue  would  be  in  accordance  with  the  direct  effect  of  NaCl  on 
isolated  amoebocytes.  It  remains  to  be  determined  whether  this  varia- 
biUty  in  the  effect  of  NaCl  solution  on  cells  emigrating  from  amoebocyte 
tissue  is  due  to  variations  in  the  resistance  of  the  amoebocytes  in  dif- 
ferent animals,  or,  to  an  unequal  admixture  of  substances  extracted 
from  the  piece  of  tissue. 

2.  Addition  of  acid  and  alkali  in  certain  proportions  causes  not  only 
a  marked  improvement  in  the  outgrowth  of  the  cells,  provided  the 
injury  caused  by  the  salt  solutions  to  which  acid  or  alkali  are  added  has 
not  exceeded  a  certain  limit,  but  the  outgrowth  in  acid  solutions  may 
definitely  surpass  that  in  Limulus  serum,  which  otherwise  represents 
the  most  favorable  medimn  for  the  amoebocytes  of  Limulus.  Near  the 
isoelectric  point  solutions  seem  to  be  most  injurious  as  far  as  the  pres- 
ervation, as  well  as  the  activity,  of  the  amoebocytes  is  concerned.  The 
beneficial  effect  of  acid  and  alkali  may  be  noticeable  even  in  hyper-  and 
hypotonic  solutions.  Acid  and  alkali  probably  decrease  the  permea- 
bility of  the  cells,  or  of  certain  constituents  of  the  cells,  and  thus  save  the 
cells  from  the  injiuious  effect  of  water  and  substances  dissolved  in  the 
water,  which  otherwise  would  change  the  colloids  of  the  cells.  Espe- 
cially acid  increases  the  contraction  and  consistency  of  the  cells  and 
accordingly  also  the  sharpness  of  the  pseudopods. 

3.  Both  organic  and  inorganic  acids  are  effective  in  concentrations 
which  do  not  differ  very  much;  it  is  therefore  probable  that  the  effect 
of  the  acid  is  not  altogether  due  to  changes  in  hydrogen  ion  concentra- 
tions which  it  produces. 

4.  In  addition  to  the  preserving  action  common  to  acid  and  alkali, 
both  exert  specific  effects  on  the  amoebocytes,  in  alkaU  the  extension 
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and  subsequent  solution  of  cells  taking  place  much  more  rapidly  than 
in  acid;  the  former  have  a  softening,  the  latter  a  hardening  effect  upon 
the  cells  and  their  membranes. 

5.  Certain  organic  constituents  of  the  Limulus  blood  serum,  probably 
its  proteids,  exert  a  protective  influence  upon  the  amoebocytes;  this 
constituent,  however,  is  not  so  effective  as  acid  in  optimal  concentration. 

6.  The  stereotropic  extension  of  the  amoebocytes  leads  to  degenerative 
changes  in  these  cells,  probiably  as  the  result  of  an  increase  in  the  per- 
meabiUty  caused  by  the  process  of  spreading  out.  Conditions  which 
counteract  this  spreading  out  of  the  cells  tend  therefore  to  prolong  their 
life  for  a  considerable  period  of  time,  provided  these  conditions  are  not 
otherwise  injurious.  The  spreading  out  of  amoebocytes,  which  we 
observe  in  vitro,  is  analogous  to  the  extension  of  somatic  cells  of  higher 
organisms  during  embryonic  development.  In  both  cases  the  extension 
leads  to  the  production  of  tissue-like  structures. 

We  wish  to  express  our  thanks  to  Miss  E.  M.  Paxson  for  her  assist- 
ance in  these  experiments. 
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Different  investigators  have  in  the  past  few  years  reported  finding 
duodenal  juices  in  the  normal  stomach,  especially  when  the  acidity 
there  was  of  fair  degree.  Boldyreff  (1)  studied  the  circimistances  by 
which  duodenal  contents  might  be  expected  to  be  found  in  the  stomach. 
He  found  that  this  reflux  took  place  when  the  acidity  of  the  stomach 
was  higher  than  the  duodenal  mucosa  could  tolerate,  a  mechanism 
which  tended  to  keep  the  acidity  of  the  stomach  at  a  low  level.  He 
called  this  mechanism  the  self-regulation  of  the  acidity  of  the  stomach 
contents.  His  work  was  done  on  dogs  with  gastric  fistula.  Morse  (2) 
found  that  regurgitation  often  occurred  in  anesthetized  pithed  dogs 
when  the  acidity  reached  0.2  per  cent  and  nearly  always  with  acid  of 
higher  concentration.  He  also  foimd  that  the  higher  the  concentration 
(0.1  to  0.5  per  cent)  of  acid  the  greater  the  regurgitation.  The  rate  of 
emptying  of  the  stomach  decreased  with  the  increase  of  acidity. 
Hicks  and  Visher  (3)  introduced  by  means  of  a  tube  150  cc.  of  0.5  per 
cent  HCl  into  the  stomach  of  dogs  and  noted  a  regurgitation  in  fifteen 
minutes  in  30  per  cent  of  the  tests  and  in  thirty  minutes  in  46  per  cent. 

They  state  that  the  introduction  of  0.4  per  cent  HCl  in  a  human  sub- 
ject showed  no  regurgitation  at  the  end  of  twenty  minutes.  A  psychic 
secretion  averaging  32.6  cc.  (acidity  0.411  per  cent)  obtained  in  an 
individual  with  a  gastric  fistula  caused  a  reflux  in  40  per  cent  of  ten 
trials.  Rehfuss  and  Hawk  (4)  assert  that  the  introduction  of  0.5  per 
cent  HCl  in  a  human  subject  caused  regurgitation  of  the  alkaline  in- 
testinal secretion.  Moppert  (5)  reported  spontaneous  reflux  of  bile 
in  72  per  cent  of  cases  examined  using  the  Einhom  thread.  Jarno  (6) 
found  regurgitation  in  the  human  stomach  after  introduction  of  rela- 
tively weak  acid  solution,  0.08  per  cent. 
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We  thought  it  worth  while  to  repeat  BoldyrefiF's  experiments  on  normal 
dogs,  using  a  stomach  tube  for  introducing  the  acid  and  aspirating 
samples  and  then  to  make  a  similar  study  of  these  animals  after  gastro- 
enterostomy to  learn  the  effect  on  the  normal  mechanism  of  gastro- 
enterostomy. We  had  no  difficulty  whatsoever  in  using  the  stomach 
tube.  After  the  first  few  times  the  tube  was  introduced  the  dogs 
showed  no  signs  of  discomfort  and  did  not  struggle.  We  were  sur- 
prised to  see  the  ease  with  which  the  test  could  be  carried  out. 

Dogs  of  average  size  and  in  good  condition  were  chosen.  They  were 
kept  in  the  laboratory  during  the  period  of  normal  test  but  were  given 
exercise  outside  every  other  day.  They  received  no  food  for  twenty- 
four  hoiuB  previous  to  the  test  but  were  allowed  water  at  all  times. 
One  hundred  to  150  cc.  of  0.5  per  cent  HCl  were  given  with  a  stomach 
tube,  the  dog  was  then  allowed  to  get  on  his  feet  and  walk  about  for  a 
minute  or  two,  giving  opportunity  for  the  acid  introduced  to  mix  with 
the  stomach  contents.  A  sample  was  then  obtained  by  aspiration  and 
titrated.  The  presence  of  water>  if  any  was  in  the  stomach,  was  shown 
by  this  titration.  A  second  sample  was  taken  fifteen  minutes  after 
introduction  of  the  acid,  another  in  thirty  minutes,  etc.,  until  the  acidity 
was  reduced  to  0.1  to  0.2  per  cent,  or  the  stomach  empty.  The  bile 
coloration  was  used  as  an  indication  of  a  reflux  from  the  duodenum. 

Our  results  on  the  normal  dogs  confirm  the  findings  of  Bold3nreff. 
The  average  length  of  time  for  reduction  of  the  acidity  to  0.1  to  0.2  per 
cent  was  in  our  experiments  seventy-five  minutes  to  ninety  minutes. 
The  first  appearance  of  bile  varied  considerably  with  different  dogs  and 
different  experiments.  It  was  sometimes  present  in  fifteen  minuteSi 
often  in  thirty  minutes  and  a  few  times  was  delayed  for  an  hour. 

Paterson  (7)  demonstrated  the  presence  of  bile  in  the  gastric  contents 
by  Gmelin's  reaction  in  73  per  cent  of  his  patients  after  gastro-jejunos- 
tomy.  He  also  stated  that  the  total  acidity  was  reduced  30  per  cent, 
partly  due  to  the  neutralization  of  the  acidity  by  the  bile  and  pancreatic 
secretion  and  partly  to  earlier  stimulation  of  the  pancreas  bringing 
about  an  earlier  diminution  of  the  gastric  secretion  (8).  Lemon  (9) 
foimd  a  reduction  of  the  acidity  after  gastro-jejunostomy  of  39  per 
cent  total  and  46  per  cent  free.  A  study  of  two  hundred  cases  was  made 
and  the  reduction  ascribed  to  flowing  into  the  stomach  of  the  alkaline 
secretion  of  the  duodenum. 

The  gastro-enterostomy  opening  in  our  dogs  was  made  2}  to  3  cm. 
long  on  the  posterior  wall  of  the  antrum  of  the  stomach  near  the  pylorus. 
The  opening  in  the  duodenum  was  made  at  the  tail  of  the  pancreas. 
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Care  was  exercised  in  feeding  for  a  few  weeks  to  permit  complete  heaUng 
about  the  stoma.  In  no  case  were  there  untoward  symptoms  following 
the  operation.  All  the  animals  made  a  speedy  recovery  and  soon 
regained  any  loss  of  weight.  Allowing  two  or  three  weeks  for  recovery 
the  tests  were  again  made  as  before  the  operation.  Bile  was  often  pres- 
ent in  the  first  sample,  the  one  taken  almost  at  once  after  the  acid  was 
given.  It  was  regularly  present  after  fifteen  minutes  and  the  process  of 
partial  neutralization  was  carried  on  with  corresponding  rapidity. 
After  thirty  to  forty-five  minutes  the  acid  was  reduced  to  0.1  to  0.15 
per  cent  and  the  stomach  nearly  empty. 

Whether  or  not  after  gastro-enterostomy  the  acid  brings  about  an 
earlier  stimulation  of  the  pancreatic  secretory  mechanism  or  the  mechan- 
ism for  regurgitation  is  rendered  more  efficient,  that  is,  the  stoma  per- 
mits a  freer  flow  of  intestinal  juices  into  the  stomach,  we  are  imable  to 
say.  Cannon  (10)  has  shown  that  the  stoma  may  act  as  a  valve,  letting 
contents  pass  into  the  stomach  but  closed  in  the  other  direction,  espe- 
cially when  the  stomach  is  distended.  •  Since  there  was  a  shorter  empty- 
ing period  in  our  experiments  after  gastro-enterostomy  it  must  be 
accounted  for  in  one  of  two  ways.  Either  the  earlier  neutralization 
allowed  passage  sooner  through  the  pylorus  or  a  part  of  the  contents 
passed  through  the  gastro-enterostomy  opening.  These  questions  are 
being  investigated. 

The  manner  in  which  the  duodenimi  forces  back  its  contents  as  re- 
ported by  Boldyreflf  (1)  is  by  antiperistalsis.  Hicks  and  Visher  (3), 
however,  claim  not  to  have  seen  any  antiperstaltic  movements  in  their 
experiments  but  rather  constriction  bands.  This  point  will  be  reported 
on  with  further  studies  in  this  field. 

SUMMARY 

1.  The  alkaline  juices  of  the  duodenimi  are  regularly  regurgitated  into 
the  stomach  of  the  dog  within  thirty  to  forty-five  minutes  after  the  intro- 
duction of  100  to  150  cc.  of  0.5  per  cent  HCl. 

2.  After  introduction  of  100  to  150  cc.  of  0.5  per  cent  HCl,  the  acidity 
of  the  stomach  contents  is  reduced  to  0.1  to  0.15  per  cent  in  seventy- 
five  to  ninety  minutes  and  the  stomach  empties  at  a  rate  in  proportion 
to  the  rate  of  regurgitation  of  duodenal  juice. 

3.  In  dogs  with  posterior  gastro-enterostomy  duodenal  regurgitation 
takes  place  within  fifteen  minutes  after  introduction  of  100  to  150  cc. 
of  0.5  per  cent  HCl  and  the  acidity  of  the  stomach  contents  is  reduced 
to  0.1  to  0.15  per  cent  in  thirty  to  forty-five  minutes. 
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Experiments  on  a  niunber  of  animals  gave  concordant  results.  Typi- 
cal experiments  on  two  animals  before  and  after  posterior  gastro-enteros- 
tomy  are  shown  in  the  table. 


TABLE  1 


150  cc,  of  0.6  per  cent  HCl  introduced 

NOBMAI. 

AITBB  QASTRO-BNTKBOarOMT 

TIME  INTCRYAUS 

Toul  acidity 
percent 

Character 
of  speoimen 

Total  acidity 
per  cent 

Character 
of  specimen 

Dog  7 


minute* 

2 

0.4466 

Clear 

0.4922 

Turbid 

15 

0.4102 

Clear 

0.2918 

Bile  ++ 

15 

0.3646 

Bile  + 

0.2553 

Bile  ++ 

15 

0.3554 

Bile  + 

0.1824 

Bile  +++ 

15 

0.3007 

Bile  ++ 

0.1185 

Bile  +++ 

15 

0.1824 

Bile  +++ 

Dog  4 


2 

0.4375 

Clear 

0.4740 

Bile,  trace 

15 

0.3646 

Bile,  trace 

0.3098 

Bile  ++ 

15 

0.3281 

Bile,  trace 

0.1464 

Bile  -f ++ 

15 

0.2644 

Bile  ++ 

0.06 

Bile  4+++ 

15 

0.2553 

Bile  ++ 

15 

0  1915 

Bile  +  + 
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The  portal  vein  occupies  a  unique  position  in  the  anatomy  of  mam- 
malSy  lying,  as  it  does,  between  two  great  sets  of  capillaries,  those  of  the 
splanchnic  region  on  the  one  hand  and  those  of  the  liver  on  the  other. 
Therefore  the  inflow  of  blood  into  the  portal  system  must  be  controlled  to 
a  large  extent  by  the  caliber  of  the  splanchnic  vessels,  while  the  outflow 
must  likewise  be  controlled  by  the  caliber  of  the  liver  vessels.  Many 
-conditions  might  disturb  the  equilibrium  of  this  double-ended  regulation 
as,  for  instance,  variable  vasomotor  activity,  changes  in  heart  rate  and 
blood  pressure,  or  even  changes  in  vena  cava  pressure.  Since  resulting 
variations  in  blood  flow  must  react  on  certain  activities  of  the  liver 
cells,  the  importance  of  the  portal  circulation  becomes  at  once  apparent. 

This  importance  combined  with  the  fascination  of  the  unusual  regula- 
tory mechanism  of  the  portal  blood  flow,  especially  in  its  relation  to  liver 
volume,  has  attracted  many  investigators,  but  no  one  appears  to  have 
inquired  into  the  nature  or  importance  of  the  pulse  variations  taking 
place  during  each  cardiac  cycle.  Indeed  it  might  well  be  suspected 
that  such  a  pulsation  does  not  exist,  inasmuch  as  the  pulse  wave  tends  to 
be  abolished  completely  in  its  passage  through  the  splanchnic  vessels. 
Such,  however,  is  not  the  case,  for  we  found  in  our  experiments  on  dogs 
a  cardiac  portal  pulse  of  definite  contour. 

By  recording  this  cardiac  pulse  graphically  and  by  studying  the 
changes  in  its  contour  under  various  conditions,  a  considerable  knowl- 
edge was  obtained  of  the  portal  mechanism — ^how,  at  times,  the  outflow 
of  blood  exceeded  the  inflow  until  equilibrium  became  established  while, 
at  other  times,  just  the  opposite  occurred  and  inflow  exceeded  outflow. 

Anatomy  of  the  portal  vein.  A  diagram  of  the  poi*tal  system  of  the  dog 
may  be  foimd  in  an  article  by  Burton-Opitz  (1).    The  main  trunk  is 

^  This  investigation  was  aided  by  a  grant  from  the  American  Association  for 
the  Advancement  of  Science. 
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formed  by  the  union  of  the  superior  and  inferior  mesenteric  veins. 
About  2  cm.  cephalad  from  this  juncture,  the  vein  is  joined  by  the  gastro- 
splenic  branch.  The  portal  vein  in  the  dog  is  4  to  6  cm.  long  and  6  to 
8  nmi.  in  diameter  when  distended  with  blood. 

Method.  Dogs  of  medium  weight  were  carefully  anesthetized  with 
morphine  and  chloretone,  and  throughout  the  experiments  were  per- 
mitted to  breathe  nonnally.  Through  the  gastro-splenic  branch  a 
small  curved  cannula  27  mm.  long  and  2  mm.  in  diameter  was  introduced 
into  the  portal  vein,  the  open  end  of  this  cannula  being  turned  toward 
the  splanchnic  capillaries.  The  distance  from  the  mouth  of  the  can- 
nula to  the  capillaries  forming  the  inferior  mesenteric  vein  (capillaries 
of  the  large  intestine)  averaged  8  cm.  while  the  distance  from  the  can- 
nula to  the  capillaries  forming  the  superior  mesenteric  vein  (capillaries 
of  the  small  intestine)  was  about  20  cm.  On  the  insertion  of  the  cannula 
the  gastro-splenic  vein  had  to  be  tied,  thereby  causing  congestion  of  the 
spleen  and  a  small  portion  of  the  stomach.  Although  within  the  lumen 
of  the  portal  vein,  the  cannula,  because  of  its  small  diameter,  interfered 
but  little  with  the  passage  of  portal  blood.  > 

The  cannula  was  rigidly  connected  to  a  Wiggers'  optical  manometer 
(2)  covered  by  light  rubber  dam,  in  order  to  make  it  sensitive.  The 
cannula  of  a  similar  manometer,  equipped  with  a  heavier  rubber  mem- 
brane was  inserted  into  the  abdominal  aorta  at  the  forking  of  the  iliacs. 
Heart  sounds  were  recorded  simultaneously.  A  tambour,  held  to  the 
shaved  chest  of  the  animal  by  an  elastic  belt  was  connected  by  rubber 
tubing  to  a  Wiggers*  heart  sound  segment  capsule  (3).  A  tuning  fork 
vibrating  fifty  times  a  second  gave  the  time  measure. 

Thus  accurate  and  simultaneous  records  of  the  heart  sounds, 
abdominal  aortic  pulse,  and  portal  pulse  were  taken. 

The  contour  of  the  portal  pulse.  The  pressure  variations  in  the  portal 
vein  really  represent  changes  in  the  volume  of  blood  contained  in  that 
vein  with  certain  modifications  introduced  by  extra-portal  mechanical 
causes.  Figure  1  shows  a  typical  record  of  the  portal  pulse  taken  simul- 
taneously with  records  of  heart  sounds  and  abdominal  aortic  pulsations. 
The  heart  rate  in  this  record  was  182  per  minute,  a  rate  not  unusually 
rapid  in  the  dog,  so  we  may  consider  this  record  as  showing  the  normal 
portal  pulse  of  the  dog. 

In  general,  the  curve  falls  during  systole  and  rises  to  a  rounded  siun- 
mit  during  diastole.  The  systolic  fall,  however,  is  interrupted  by  a 
sharp  peak  which  occurs  almost  simultaneously  with  the  peak  of  the 
abdominal  aortic  pulsation  and  this  is  followed  by  a  sharp  decline. 
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With  greater  detail,  we  may  describe  the  curve  as  follows:  At  the 
exact  instant  that  systole  begins  (as  indicated  by  the  large  vibration 
of  the  first  heart  sound)  the  curve  has  already  begun  to  decline  gradually. 
This  gradual  decline,  however,  is  interrupted  by  a  sharp  peak,  a-6, 
after  which  it  falls  abruptly  to  a  trough,  c.  Then  the  upstroke  of  the 
main  wave,  c/,  commences.  The  beginning  of  this  rise  precedes  slightly 
the  early  vibrations  of  the  second  heart  sound;  in  other  words,  it  begins 
in  late  systole  and  is  continued  well  into  diastole  so  that  the  crest  of  the 
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Fig.  1.  Simultaneous  records  of  apex  sounds,  portal  pulse,  and  abdominal 
aortic  pulse.  Time  relations:  i,  beginning  of  systole  of  heart;  J?,  time  that  ejec- 
tion wave  of  arterial  pulse  appears  in  abdominal  aorta;  5,  end  of  systole  waves 
a,h,  c  and  d  referred  to  in  text. 

curve  is  approximately  mid-diastolic.  From  the  crest,  the  curve  de- 
clines slowly  until  the  next  systole  occurs  and  the  cycle  is  repeated. 
It  should  be  pointed  out  that  neither  the  amplitude  nor  the  duration  of 
the  systolic  peak,  a-6,  was  always  as  pronounced  as  in  this  illustration. 
In  some  animals  the  rise  a-b  was  barely  indicated,  but  in  all  cases  the 
sharp  depression,  6-c,  was  clearly  shown.  In  some  of  our  records  no 
respiratory  variations  of  pressure  curves  were  found;  in  others,  however, 
cardiac  pulsations  were  superimposed  on  more  gradual  variations 
synchronous  with  respiration.     These  changes  caused  by  respiration 
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consist  in  a  considerable  fall  in  the  level  of  the  entire  curve  at  inspiration 
and  a  relatively  steep  rise  during  expiration.  The  contour  of  the  wave 
seen  in  the  cardiac  portal  pulse  remains  approximately  constant  during 
this  respirator^'  fall  and  rise  in  general  pressure.  In  normal  curves  a 
level  stretch  follows  the  fall  in  pressure. 

It  is  difficult  to  determine  the  exact  reason  for  these  respiratory 
variations.  Their  abruptness  and  close  relation  to  phases  of  inspiration 
and  expiration  suggests  a  mechanical  cause,  possibly  a  movement  of  the 
al)dominal  viscera  d.ue  to  the  descent  of  the  diaphragm  rather  than  a 
direct  effect  of  varying  intrathoracic  pressures  on  the  filling  and  empty- 
ing of  the  portal  system. 

The  effect  of  slowed  heart-rate.  The  human  heart  is  only  about  one- 
half  as  rapid  as  that  of  the  dog.  To  more  nearly  approach  the  actual 
condition  in  man,  therefore,  it  became  necessary  to  study  the  portal 
pulse  when  the  dog's  heart  rate  was  slowed  sufficiently  to  lie  within 
human  range.  To  attain  this  end,  the  right  vagus  was  sectioned  and 
t  he  peripheral  end  stimulated  by  a  mild  f aradic  current. 

With  such  stimulation  the  general  level  of  the  portal  curve  falls 
rather  abruptly  (fig.  2).  If  the  diastolic  pause  is  greatly  prolonged, 
the  curve  drops  to  its  minimum  level  in  one  beat.  If  the  diastolic 
periods  are  not  lengthened  so  much,  this  fall  in  portal  pressure  takes 
place  over  several  beats.  With  maintenance  of  vagal  stimulation,  the 
curve  continues  to  be  inscril^ed  at  its  lowest  level.  This  change  of  gen- 
eral pressure  level  due  to  the  slowed  heart  indicates  that  the  minute 
volume  entering  the  portal  system  is  reduced  more  than  the  efflux  out 
of  the  liver.  With  removal  of  vagus  stimulation  the  curve  rises  to  its 
normal  level  in  steplike  fashion  during  several  beats. 

On  casual  examination,  the  contour  of  the  cardiac  portal  pulse  ap- 
pears to  change  from  normal  when  the  heart  is  slowed  (fig.  3).  The 
most  obvious  difference  is  that  the  summit  of  the  d  wave  is  followed 
by  a  more  prolonged  diastolic  fall  not  present  in  rapid  rates  normal  to 
our  dogs.  The  entire  wave  consequently  appears  of  larger  amplitude, 
its  summit  being  either  rounded  or  flat.  Time  relations  show,  however, 
that  the  summit  d  occurs  approximately  at  the  same  time  after  the  end 
of  systole.  The  fact  that  it  is  no  longer  in  mid-iliastole  is  entirely  due 
to  the  greater  prolongation  of  diastole  which  gives  opportunity  for  a 
subsequent  diastolic  fall  to  express  itself  more  clearly. 

Effect  of  intravenous  saline  infusion.  Inasmuch  as  the  arterial  blood 
pressure  was  somewhat  reduced  due  to  unavoidable  manipulation  of 
the  intestine,  it  was  questionable  whether  our  so-called  normal  curves 
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really  represented  the  true  normal  after  all.  We  therefore  determined 
to  maintain  an  effective  systolic  discharge  of  the  heart  by  means  of 
saline  infusion  in  an  effort  to  ward  off  the  changes  of  circulation  in- 
augurated by  the  pre-shock  state.  Normal  salt  solution  was  therefore 
introduced  slowly  into  the  right  jugular  vein  in  quantities  varying 
from  600  to  1000  cc.  per  dog.  As  the  general  level  of  the  portal  pressure 
rises  during  each  infusion,  the  details  of  the  cardiac  pulsations  become 
more  distinct.  As  shown  in  figure  4,  the  fall  during  systole  is  more 
abrupt,  broken  as  usual  by  an  unchanged  peak,  6.  The  diastolic  ascent 
is  steeper  and  the  summit,  rf,  higher.  As  compared  with  the  normal 
rather  flat  curve,  the  wave  under  infusion  appears  distinctly  rounded. 
From  the  details  so  far  analyzed,  we  may  estimate  approximately  the 
contour  of  the  portal  pulse  in  unoperated  animals  with  slow  and  rapid 
hearts.  In  man,  we  believe  it  will  closely  resemble  the  contour  of  a 
dog's  portal  pulse  under  saUne  infusion  and  slowed  heart  rate. 

Interpretation,  In  endeavoring  to  interpret  the  cardiac  variations  in 
portal  pressure,  it  is  important  to  bear  in  mind  that  the  portal  pressure 
at  any  moment  is  determined  by  the  balance  between  the  inflow  of  blood 
through  the  splanchnic  capillaries  and  the  outflow  through  the  liver 
capillaries.  Whenever  the  portal  pressure  is  on  the  increase,  inflow 
exceeds  outflow  and  vice  versa  whenever  the  portal  pressure  decHnes, 
outflow  exceeds  inflow. 

With  every  systolic  increase  of  pressure  in  the  tributaries  of  the  mesen- 
teric arteries  a  larger  pulse  volume  is  sent  through  their  capillaries  into 
the  portal  vein.  Owing  to  the  relatively  great  capillary  resistance  the 
entrance  of  this  volume  pulse  into  the  portal  system  is  somewhat  de- 
layed. This  accounts,  we  believe,  for  the  elevation  of  pressure  late  in 
systole  and  its  continued  elevation  in  early  diastole  (c-d,  fig.  4).  Occa- 
sionally, as  in  figure  1,  a  stable  equalized  condition  obtains  for  a  short 
while,  accounting  for  the  flattened  summit  of  d.  Then  follows  a  state 
where  outflow  exceeds  inflow,  due,  no  doubt,  to  the  fact  that  the  portal 
vein  receives  a  smaller  quantity  of  blood  as  the  arterial  pressure  falls 
during  diastole.  Consequently,  the  portal  pressure  then  falls  definitely 
during  the  remaining  portion  of  diastole.  If  the  heart  is  rapid,  diastole 
is  short  and  the  next  systole  supervenes  before  this  fall  has  had  time  to 
express  itself.  Consequently,  as  in  figure  1,  the  pressure  continues  to 
rise  almost  throughout  diastole  and  falls  during  systole.  Were  these 
the  only  factors  determining  portal  pressure  variations  during  systole 
and  diastole,  we  should  expect  the  curve  to  show  an  unbroken  fall  during 
early  systole.    Actually  we  find  a  small  peak,  a-b,  followed  by  a  sharp 
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drop,  6-c,  at  the  beginning  of  systole.  As  shown  in  actual  records,  the 
elevation  a-b  occurs  0.04  to  0.06  of  a  second  after  the  first  sound,  while 
the  depression,  6-c,  begins  slightly  before  or  with  the  rise  of  pressure  in 
the  abdominal  aorta  at  its  bifurcation.  In  the  interpretation  of  these 
sharp  variations,  a,  h  and  c,  it  is  difficult  to  conceive  of  any  sudden 
change  in  outflow  or  inflow  sufficiently  rapid  to  cause  this  acute  change 
in  pressure.  It  might  be  suggested  that  there  is  blocking  of  the  portal 
outflow  at  the  juncture  of  the  portal  and  hepatic  tributaries  by  higher 
pressure  in  the  hepatic  artery.  If  this  were  the  case,  however,  we  should 
expect  an  increase  of  pressure  throughout  systole  and  not  a  sharp  decrease 
following  the  sudden  rise.     Furthermore  the  rise,  a-6,  apparently  occurs 
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Fig.  4.  Portal  pressure  curves  (rapid  heart)  and  heart  sounds  during  moderate 
saline  infusion,  showing  augmentation  of  the  main  wave,  d. 

before  the  pulse  in  the  abdominal  arteries,  and  precisely  when  such  an 
effect  may  be  looked  for,  viz.,  at  point  6  the  portal  pressure  drops,  i.e., 
changes  in  a  direction  the  reverse  of  that  anticipated.  It  is  also  con- 
ceivable that  the  peak  and  subsequent  fall  is  similar  to  the  arterial  im- 
pact recorded  in  jugular  tracings,  or  that  it  is  caused  by  the  transmitted 
pulsation  of  the  heart  through  the  diaphragm.  After  mature  consid- 
eration of  all  these  and  other  possibihties  in  relation  to  the  time  of  their 
occurrence,  we  beUeve  that  the  rise  and  fall  of  the  a-6-c  wave  may 
be  most  satisfactorily  explained  as  due  to  an  impact  and  traction  effect 
of  the  following  kind :  Since  the  rise  a-b  often  occurs  before  the  ejection 
phase  has  started,  and  as  it  varies  in  amplitude  in  different  animals, 
we  interpret  this  as  a  mechanical  impact  given  by  the  change  in  cardiac 
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position  transinittod  through  the  diaphragm  and  liver  to  the  portal 
system.  Since  the  sharp  decrease  b-c  occurs  practically  simultaneously 
with  the  aortic  pulsation,  it  appears  that  abdominal  arterial  pulsations  in 
some  way  exert  a  slight  traction  effect  on  the  portal  system,  and  pro- 
duce this  sharp  decrease  in  pressure.  The  close  proximity  of  many 
large  arteries  to  the  portal  vein  makes  such  an  explanation  probable. 

TABLE  1 


B-C  INTERVAL  IN  SECONDS 

HEART  RATE  PER  MINUTE 

PRESSURE 

Normal 

Peripheral  vaguB  stimulation 

Normal 

Peripheral  vague  stimulation 

CIIANQE 

0.06 

0.06 

102 

96 



0.06 

0.07 

182 

59 

— 

0.02 

0.02 

240 

83 

— 

0.025 

0.025 

240 

150 

— 

0.02 

0.03 

207 

115 

— 

0.052 

0.054 

208 

54 

— 

0.07 

0.07 

142 

66 

— 

0.052 

0.058 

186 

72 

— 

O.OG 

0.07 

186     . 

53 

— 

0.05G 

0.58 

192 

102 

- 

0.034 

0.038 

144 

87 

— 

Normal 

Central  vagus  stimu- 
lation 

Normal 

Central  vagus  stimu- 
lation 

0.(M 

0.06 

186 

180 

— 

0.02 

0.036 

222 

222 

—  . 

0.06 

0.09 

142 

124 

— 

0.05 

0.062 

186 

182 

— 

Normal 

Epinephrin  injection 

Normal 

Epinephrin  injection 

0.052 

0.07 

139 

68 

— 

0.058 

0.078 

146 

153 

0.034 

0.04 

186 

168 

— 

Normal 

Amyl  nitrite  inhala- 
tion 

Normal 

Amyl  nitrite  inhala- 
tion 

0.054 

0.04 

139 

150 

+ 

0.04 

0.02 

184 

196 

+ 

Normal 

After  saline  infusion 

Normal 

After  saline  infusion 

0.052 

0.056 

208 

216 

0.058 

0.058 

158 

130 

If  the  peak,  6,  represents  the  beginning  of  an  extraneous  effect  due  to 
an  arterial  pulsation  and  the  rise  at  c  indicates  the  arrival  of  the  systolic 
volume  pulse  through  the  splanchnic  capillaries,  then  the  time  required 
for  the  volume  pulse  to  travel  through  the  mesenteric  arteries  and  their 
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capillaries  can  be  calculated  by  this  interval.  Such  calculations  of  this 
fe-c  interval  have  shown  that  point  c — the  beginning  of  the  rise  of  the 
diastolic  wave — is  from  0.02  to  0.07  of  a  second  after  b  depending  un- 
doubtedly on  the  size  of  the  animal  and  on  circulatory  conditions  in 
the  splanchnic  vessels.  It  may  be  seen,  however,  from  the  tabulated 
results  that  this  interval  is  rarely  less  than  0.04  of  a  second  and,  further- 
more, that  it  is  not  affected  by  changes  in  systemic  blood  pressure  such 
as  are  produced  by  cardiac  slowing,  nor  was  it  materially  affected  by 
such  volumes  of  sahne  as  were  infused  during  our  experiment. 

Evidence  favoring  our  interpretation  of  curves.  A  substantiation  of  our 
interpretation  of  the  portal  pulse  waves  is  found  in  experiments  in  which 
the  resistance  of  the  splanchnic  capillaries  was  experimentally  altered. 
If  the  splanchnic  arterioles  are  contracted  in  any  way,  we  should  expect 
a  greater  delay  in  the  transfer  of  a  pulse  volume  into  the  portal  veins, 
i.e.,  the  b-c  interval  should  lengthen.     Furthermore,  portal  inflow  being 
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Fig.  5.  Portal  pulse  curve  and  heart  sounds  during  action  of  epinephrin. 
Note  practical  abolition  of  all  portal  pulse  waves  except  small  variations,  o-6; 
h-c  interval  increased,  d-wave  entirely  absent. 

diminished  and  outflow  continuing,  we  should  expect  the  entire  d  wave 
to  be  of  smaller  ampUtude.  If,  on  the  other  hand,  the  splanchnic 
arterioles  are  dilated,  the  reverse  effects  viz.,  a  shortening  of  the  6-c 
interval  and  an  increased  amplitude  of  the  d-wave,  would  be  expected. 
An  increased  splanchnic  resistance  was  brought  about  by  central 
vagus  stimulation.  With  no  change  in  heart  rate,  the  general  level  of 
the  portal  pressure  curve  declined,  thus  demonstrating  the  reduced 
minute  volume  of  blood  reaching  the  portal  vein.  Similar  but  more 
intense  vasoconstriction  was  also  produced  by  experiments  in  which 
epinephrin  was  injected.  Again  there  was  a  prompt  and  profound  fall 
in  the  general  portal  pressure.  Under  moderate  vasoconstriction  thus 
produced,  the  wave  d  became  much  smaller  while  during  intense  epi- 
nephrin constriction,  it  disappeared  entirely  (fig.  5).  As  the  epinephrin 
effect  wore  off  this  wave  very  gradually  reappeared.  While  the  chief 
wave,  d  in  the  portal  pulse  disappeared  under  profound  epinephrin 
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effect,  the  wave  a-6  caused  by  the  mechanical  impact  of  the  heart  per- 
sisted, unaltered  in  contour.  With  these  variations  in  contours,  the 
anticipated  effects  on  the  duration  of  the  6-€  interval  were  found.  As 
shown  in  the  table,  both  after  reflex  vasoconstriction  induced  by  central 
vagus  stimulation  and  after  splanchnic  constriction  from  epinephrin,  the 
6-c  interval  is  materially  lengthened.  Contrary  effects  were  observed 
in  experiments  in  which  the  splanchnic  vessels  were  dilated  by  inhala- 
tion of  amyl  nitrite.  The  general  pressure  curve  then  increased.  The 
d  wave  increased  in  amplitude  and,  as  shown  in  the  table,  the  b-c  interval 
was  definitely  shortened. 

SUMMABT 

1.  A  portal  pulse  consisting  of  two  waves  is  produced  in  the  portal 
vein  during  each  cardiac  cycle. 

2.  The  first  wave,  6,  we  interpret  as  due  to  extraneous  impact  and 
traction,  the  second  or  real  wave,  d,  we  believe  due  to  the  changing 
balance  which  occurs  between  inflow  and  outflow  of  the  portal  system, 
at  different  times  of  the  cardiac  cycle. 

3.  Our  interpretation  of  the  d-wave  is  as  follows:  Following  each 
systolic  ejection  a  certain  pulse  volume  reaches  the  splanchnic  vessels. 
Owing  to  the  splanchnic  resistance  there  is  a  delay  of  0.02  to  0.07  of  a 
second  (average  0.04  of  a  second)  in  the  transference  of  this  increased 
volume  to  the  portal  vein.  Consequently,  the  portal'  pressure  begins  to 
rise  later  than  the  aortic  pulse  by  this  interval.  This  transfer  of  blood 
does  not  cease  with  the  end  of  systole  but  continues  into  diastole, 
consequently,  portal  pressure  reaches  its  maximum  relatively  early  in 
diastole.  At  this  stage,  the  splanchnic  inflow  exactly  equals  hepatic 
outflow  and  wave  d  has  reached  its  summit.  Thereafter  outflow  exceeds 
inflow  and  portal  pressure  declines. 

4.  The  amplitude  of  the  chief  or  d  wave  is  determined  by  i,  the  length 
of  diastole;  2,  by  the  pulse  volume  entering  the  portal  vein.  The  latter 
is  determined  by  a,  the  systolic  discharge  of  the  left  ventricle;  and  6,  the 
degree  of  splanchnic  constriction  or  dilation. 

5.  Evidence  is  submitted  that  the  rise  of  the  b  wave  is  probably  due 
to  a  transmitted  cardiac  impact  while  the  sharp  drop  is  attributed  to  an 
arterial  traction. 

6.  According  to  this  interpretation  of  the  b  and  c  waves,  the  6-€ 
interval  represents  the  time  required  for  the  systolic  pulse  volume  to  be 
transferred  from  the  splanchnic  tributaries  to  the  portal  vein.  This 
interval  is  unaffected  by  changes  in  heart  rate  or  moderate  saline  infu- 
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sion  but  is  decreased  whenever  the  splanchDic  vessels  are  constricted, 
fljid  increased  whenever  they  are  dilated. 

The  direction  and  guidance  of  Prof.  Carl  J.  Wiggers  in  this  investiga- 
tion is  gratefully  acknowledged. 
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The  present  work  was  begun  as  a  study  of  the  efiFect  of  smoking  on 
blood  pressure.  This  involved  an  attempt  to  follow  qualitatively 
blood  pressure  variations  continuously  over  considerable  periods  and 
to  record  these  graphically  with  special  apparatus.  It  was  during 
the  course  of  these  observations  that  several  phenomena  presented 
themselves,  an  investigation  of  which  forms  the  basis  of  the  work 
presented  here. 

Apparatus  and  principle.  We  may  first  describe  the  apparatus  and 
methods  employed  in  the  original  problem,  i.e.,  the  efiFect  of  smoking 
on  blood  pressure.  Airtight  aluminimi  jackets  covering  the  hand  and 
about  two-thirds  of  the  forearm  were  cast  from  plaster  molds.  To  make 
the  jackets  airtight  they  were  impregnated  with  paraflSji  and  removable 
rubber  gaskets  were  laid  along  the  approximating  flanged  edges  of  the 
two  halves,  which  were  held  tightly  together  by  bolts.  A  rubber  cufiF 
fastened  to  the  proximal  end  of  the  jacket  made  a  tight  junction  between 
jacket  and  upper  forearm.  Air  pressure  was  appUed  in  the  jackets  and 
piston  recorders  were  connected  with  them  through  an  Erlanger  sphyg- 
moscope  to  record  the  oscillations  of  the  pressure. 

The  principle  that  a  rise  in  blood  pressure  manifests  itself  by  an 
increase  in  the  amplitude  of  pulsations  transmitted  through  a  cuff  set 
in  the  neighborhood  of  systolic  pressure  and  by  a  decrease  in  the  ampU- 
tude  of  pulsations  transmitted  ^ough  a  cuff  set  in  the  neighborhood  of 
diastoUc  pressure,  the  reverse  occurring  in  connection  with  a  fall  of 
blood  pressure  (1),  (2),  was  employed.  This  method  has  been  in  use 
in  this  laboratory  for  the  past  five  years;  work  on  its  quantitative 
standardization  is  now  in  progress.  As  used  here  it  reveals  only  qualita- 
tive changes,  i.e.,  whether  the  blood  pressure  rises  or  falls,  but  does  not 
give  quantitative  results.    Jackets  were  used  instead  of  cuffs  with  the 

323 

THX  AllBBICAN  JODHNAL  OP  PHTSIOLOGT,  VOL.  60,  NO.  2 


Digitized  by 


Google 


324  K.  A.  MABTIN  AND  H.   L.   WHITE 

idea  that  they  would  be  much  less  painful  when  the  compression  was  to 
be  maintained  for  some  time,  and  this  supposition  was  verified  by  experi- 
ence. Only  a  slight  local  discomfort  was  experienced  during  a  compres- 
sion lasting  40  to  60  minutes.  The  term  "hypersystoUc  jacket"  will  be 
used  in  reference  to  the  jacket  by  which  the  compression  above  systoUc 
blood  pressure  was  applied;  "hypodiastoUc  jacket"  for  the  one  by 
which  compression  slightly  below  diastolic  was  applied. 

Method.  The  method  of  procedure  in  the  first  set  of  experiments 
was  to  take  the  subject's  blood  pressure  by  the  auscultatory  and  graphic 
methods,  the  Erlanger  instrument  being  used.  The  pressure  in  one 
jacket  was  then  set  about  10  mm.  Hg.  above  S3rstolic  and  that  in  the 
other  at  about  or  a  Uttle  below  diastoUc.  After  a  few  minutes  the  sub- 
ject began  to  smoke  a  cigar.  Mild  cigars  were  used  and  were  smoked 
in  a  leisurely  manner.  The  smoking  was  usually  continued  until  one 
cigar  had  been  smoked,  about  25  to  30  minutes.  The  compression  was 
maintained  and  pulsations  recorded  for  some  time,  10  to  20  minutes, 
after  smoking  was  discontinuted.  Diuing  the  course  of  the  record  the 
blood  pressure  was  taken  at  about  5-minute  intervals  by  the  auscultsr 
tory  and  graphic  methods,  thus  giving  a  quantitative  check  on  our 
continuous  record.  Both  smokers  and  non-smokers  served  as  subjects. 
Eleven  experiments  were  conducted  but  the  data  of  three  of  them, 
experiments  1,  2  and  4,  are  not  presented  because  we  failed  td  take 
graphic  and  auscultatory  blood  pressure  determinations  along  with  the 
continuous  record;  therefore  no  quantitative  blood  pressure  figures  can 
be  given  in  these.  However,  we  may  state  that  the  same  changes  in 
the  amplitude  of  oscillations  were  shown  in  them  as  in  those  presented. 

Results.  In  every  case  a  rise  in  both  systolic  and  diastolic  pressures 
was  obtained.  This  is  manifested,  i,  by  an  increase  in  the  amplitude 
of  the  oscillations  from  the  jacket  set  above  systolic  pressure; )?,  by  a 
decrease  in  ampUtude  of  the  oscillations  from  the  jacket  set  below  dias- 
toUc pressure,  and  5,  by  the  findings  of  the  auscultatory  and  graphic 
blood  pressure  determinations.  There  was  also  usually  some  nausea  and 
sometimes  weakness.  These  symptoms  appeared  after  25  to  30  minutes 
of  smoking  or  30  to  35  minutes  of  compression  in  the  jackets,  this  being 
soon  after  the  blood  pressure  began  to  rise.  They  appeared  with  equal 
frequency  in  smokers  and  non-smokers;  in  fact,  the  most  severe  reaction, 
with  a  marked  late  fall  in  blood  pressure  and  almost  complete  collapse, 
was  in  a  regular  smoker  (exper.  7). 
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Experimeni  7.    Subject  H.  L.,  smoker. 

Time  in 
minutea 

0    Blood  pressure  106/70,  pulse  rate  71.    Compressing  pressure  in  jacket, 
113  mm.  Hg.    Average  amplitude  of  oscillations,  4.2  mm. 

21  Blood  pressure  130/86,  pulse  rate  08,  average  amplitude  of  oscillations, 
5  mm. 

31  Blood  pressure  130/92,  pulse  rate  94,  slight  vertigo,  smoking  stopped, 
blood  pressure  begins  to  fall. 

42    Blood  pressure  100/68,  pulse  rate  68,  subject  weak,  pale,  sweating. 

46  Blood  pressure  92/60,  pulse  rate  59,  pulsation  oscillations  barely  visible, 
subject  weak  and  cold.  Pressure  in  jacket  released,  blood  pressure  at 
this  time  88/60.  Immediately  on  release  of  compression  subject  feels 
better. 

52    Blood  pressure  110/70,  subject  feels  normal. 
Another  type  of  reaction  is  shown  in  experiment  5. 

Experiment  S.    Subject  W.  B.  H.,  non-smoker. 

Time  in 
mintUee 

0    Blood  pressure  105/70,  compression  jackets  set  at  114  and  67  mm.  Hg., 

average  amplitude  from  hypersystolic  jacket  2.6  mm.,  from  hypodias- 

tolic  jacket  10.5  mm. 
33    Blood  pressure  128/90,  average  amplitude  from  hypersystolic  jacket 

4.2  mm.,  from  hypodiastolic  jacket  4.4  mm.,  subject  begins  to  feel 

weak.^ 
38    Blood  pressure  105/85,  average  amplitude  from  hypersytolic  jacket  2.8 

mm.,  from  hypodiastolic  jacket  5.6  mm.,  subject  sick  and  weak.    Smok-  . 

ing  stopped,  compression  continued. 
42    Blood  pressure  110/92,  average  amplitude  from  hypersytolic  jacket  2.6 

mm.,  from  hypodiastolic  jacket  2.8  mm.,  subject  almost  collapsed. 

Decompressed. 
57    Blood  pressure  112/82,  subject  feels  normal.    Sections  of  the  record  of 

this  experiment  are  shown  in  figure  1. 

The  result  obtained  in  experiment  5  is  in  contrast  with  the  preceding 
case  where  the  blood  pressure  fell  to  subnormal  during  the  compression. 
Why  such  severe  sjmaptoms  should  occur  with  a  fall  of  blood  pressure  to 
its  original  level  is  not  clear;  they  may  probably  be  at  least  in  part 

^  In  these  first  experiments  we  were  interested  in  the  effect  of  smokipg  on  blood 
pressure  and  our  notes  dealt  with  the  time  relations  of  the  blood  pressure  changes 
to  the  smoking  rather  than  to  the  compression,  because  at  that  time  we  did  not 
realize  that  the  compression  was  the  factor  bringing  about  the  blood  pressure 
changes.  Since  in  all  cases,  however,  the  compression  was  applied  about  5  to  8 
minutes  before  smoking  started,  the  period  of  compression  can  be  ascertained 
from  the  latter;  thus  in  the  case  at  hand  the  blood  pressure  was  128/90  about  33 
minutes  after  onset  of  compression,  i.e.,  26  minutes  after  beginning  smoking. 
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explained  by  the  effect  of  the  smoking  itself.  This  secondary  fall  of 
blood  pressure  while  the  compression  is  still  being  maintained  is  not 
constant  in  all  the  experiments.  It  occurred  only  in  the  smoking 
experiments  and  in  by  no  means  all  of  these.  It  is  presumably  due  to  a 
vasomotor  fatigue,  probably  aggravated  by  the  nicotine. 

These  results,  a  marked  rise  in  blood  pressure,  followed  in  some  cases 
by  a  fall  and  the  accompanying  unpleasant  symptoms,  are  quite  at 
variance  with  the  findings  of  previous  observers  who  have  studied  the 
effect  of  smoking  on  blood  pressure  (3),  (4)  and  who  find  in  nonnsmokers 


(a)  .  (b) 

Fig.  1.  Tracings  of  oscillations  from  jackets  a,  immediately  after  application 
of  compression,  and  b,  about  30  minutes  later.  Blood  pressure  at  time  of  a  was 
105/70;  at  time  of  h,  128/90.  Reversal  of  amplitudes  of  oscillations  from  hyper- 
systolic  and  hypodiastolic  jackets  is  well  shown. 

on  smoking  one  or  two  cigars  a  rise  of  10  to  20  mm.  Hg.  in  systoUc  pres- 
sure, followed  by  a  fall  when  the  toxic  symptoms  usual  in  non-smokers 
appear,  in  moderate  smokers  a  gradual  rise  of  8  to  10  mm.  and  in  ''exces- 
sive" smokers  no  change  or  a  rise  of  2  to  4  mm.  It  will  be  noted  that 
our  blood  pressure  changes  are  much  greater  than  these,  furthermore 
they  occur  in  habitual  smokers  to  the  same  extent  as  in  non-smokers. 
The  data  of  a  typical  experiment  with  a  habitual  smoker  are  given  in 
table  1. 

A  control  experiment  was  now  run,  i.e.,  compression  applied  to  the 
subject's  hands  and  forearms  while  he  was  not  smoking. 


Digitized  by 


Google 


BLOOD  PRESSUBE  BESPON8E  TO  TISSUE  COMPBESSION  327 


Control  6.    Subject  K.  A.  M.,  non-smoker. 

Txnu  in 
mintilUB 

0    Blood  pressure  110/72,  average  amplitude  from  hypersystolic  jacket  4.1 

mm.,  from  hypodiastolic  jacket  3.4  mm.,  pulse  rate  74.    Compressing 

pressure  in  jackets  116  and  67  mm.  Hg. 
28    Blood  pressure  120/78,  average  hypersystolic  amplitude  4.5  mm.,  average 

hypodiastolic  amplitude  3.1  mm.,  pulse  rate  68. 
35    Blood  pressure  140/90,  average  hypersystolic  amplitude  9.6  mm.,  hypo* 

diastolic  amplitude  3.1  mm.,  pulse  rate  62. 

40  Blood  pressure  144/90,  average  hypersystolic  amplitude  11.6  mm.,  hypo- 

diastolic amplitude  3.2  mm.,  pulse  rate  59.*    Now  decompressed.    No 
markedly  unpleasant  symptoms,  as  with  a  combination  of  compression 
plus  smoking.    There  was,  however,  some  sensation  of  heat,  throbbing 
in  the  head  and  some  sweating. 
40}  Blood  pressure  135/76. 

41  Blood  pressure  130/76. 
43  Blood  pressure  120/72. 
46    112/70. 

49    112/70.    Amplitude  of  oscillations  could  of  course  not  be  followed  after 
decompression. 

It  thus  became  obvious  that  some  factor  other  than  the  smoking  was 
influencing  the  blood  pressure.  Accordingly  this  continuous  graphic 
method  of  following  blood  pressure  was  dispensed  with  and  the  effect 
of  blood  pressure  on  smoking  was  followed  by  making  blood  pressure 
determinations  at  frequent  intervals  by  the  auscultatory  and  graphic 
methods,  using  the  Erlanger  instrument.  The  results  of  these  observa- 
tions have  no  further  concern  with  this  paper,  except  that  it  may  be 
stated  here  that  no  significant  blood  pressure  changes  were  found  to 
result  from  smoking. 

Leaving  aside,  then,  the  question  of  the  effect  of  smoking  on  blood 
pressure,  and  passing  on  to  a  consideration  of  the  effects  of  the  compres- 
sion, further  controls  without  smoking  were  rim,  using  the  apparatus  dia- 
grammed in  figure  2.  Here  only  one  jacket  was  used  and  oscillations 
from  it  were  not  recorded,  the  jacket  serving  merely  as  a  compression 

'  It  is  of  course  recognized  that  the  pressure  in  the  hypersystolic  jacket  is  no 
longer  hypersystolic  after  such  a  rise  in  systolic  blood  pressure,  but  the  changes 
in  the  amplitude  of  oscillations  occur  with  the  pressure  in  the  cuff  or  jacket  in  the 
neighborhood  of  systolic;  in  case  of  such  a  rise  as  the  one  under  consideration  the 
increased  pulse  volume  also  contributes  to  the  amplitude  of  oscillations;  but  it 
may  be  noted  that  the  decrease  in  the  amplitude  of  oscillations  from  the  hypo- 
diastolic jacket  is  occurring  in  spite  of  the  tendency  of  the  increased  pulse  volimie 
to  increase  the  amplitude. 


Digitized  by 


Google 


328 


K.  A.  MARTIN  AND  H.  L.  WHITE 


chamber.  The  pressure  in  the  jacket  was  set  well  above  syBtolic  and 
was  recorded  by  a  writmg  lever  on  the  manometer  float,  A.  The  ma- 
nometer, B,  on  the  Erlanger  sphygmomanometer  was  also  made  to  record 
on  the  Isymograph.  Thus,  alter  obtaining  zero  points,  one  could  apply 
the  pressure  in  the  sphygmomanometer  cuff  and  carry  out  graphic 
determinations  by  the  continuous  decompression  method  without  watch- 
ing to  get  the  manometer  reading;  one  can  go  back  and  measure  the 
records  at  leismre.  Furthermore,  the  subjective  error  due  to  reaction 
time  is  eliminated.    Auscultatory  blood  pressure  determinations  were 


Hi 


Fig.  2.  Diagram  of  apparatus  used  in  control  experiments. 

made  on  the  opposite  arm.  The  arrangement  will  be  apparent  on 
examination  of  tiie  diagram  of  apparatus,  figure  2,  and  of  a  typical 
record  reproduced  as  figure  3.  The  results  of  one  such  control,  sections 
of  the  record  of  which  are  shown  in  figure  3,  may  be  given  in  some  detail 
here. 

Subject  K.  A.  M.  Initial  blood  pressure  114/75  by  auscultatory,  113/76  by 
graphic.  In  every  case  the  auscultatory  figure  is  the  average  of  two  consecutive 
determinations  which,  except  during  the  period  of  blood  pressure  waves,  always 
checked  within  2  mm.    The  corresponding  graphic  determination  was  made  as 
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soon  as  possible,  within  a  few  seconds,  after  the  auscultatory,  and  the  auscul- 
tatory  figure  was  written  on  the  record  under  its  eorresponsing  graphic  determina- 
tion as  soon  as  it  was  taken.  Compression  of  150  mm.  Hg.  applied  at  3:50  p.m. 
This  compression  was  kept  practically  constant  during  most  of  the  experiment, 
slight  fluctuations  due  to  variations  in  source  of  air  pressure  occurring,  but 
pressure  was  always>within  a  few  millimeters  of  150  and  even  the  slight  variations 
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Fig.  4.  Left  vertical  column  of  figures  designates  millimeters  amplitude  ol 
oscillations  in  sphygmomanometer  tracings.  Right  vertical  column  design  a t(*( 
millimeters  Hg.  of  blood  pressure  and  compressing  pressure. 
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were  of  brief  duration.  Toward  the  end  of  the  experiment,  as  the  blood  pressure 
rose,  the  compressing  pressure  was  gradually  raised  so  as  to  exceed  it  slightly  and 
was  180  mm.  Hg.  at  the  close  of  the  experiment.  Immediately  upon  application 
of  compression  blood  prepsure  rose  to  122/80  auscultatory,  120/80  graphic.  At 
4:16  blood  pressure  124/80  auscultatory,  120/84  graphic.  Shortly  after  this 
waves  of  blood  pressure  appeared.  At  4:40  blood  pressure  was  136/90  ausculta- 
tory, 140/95  graphic.  From  this  time  on,  at  least  until  the  highest  pressures  were 
established,  there  were  marked  waves  of  blood  pressure;  consecutive  auscultatory 
determinations  made  at  as  short  an  interval  as  possible  might  show  a  difference 
of  20  mm.  in  the  systolic  reading.  The  same  phenomenon  can  be  seen  in  sections 
2  and  4  of  figure  3,  which  is  made  from  the  record  of  this  experiment,  the  change 
in  form  in  these  being  already  present  at  the  highest  pressure  shown,  then  dis- 
appearing and  reappearing  several  pulses  later  on  in  the  record.  At  4:46  blood 
pressure  was  160/98  auscultatory,  162/102  graphic.  At  this  time  subject  com- 
plained of  feeling  hot,  had  a  severe  headache  and  was  sweating  profusely.  Shortly 
after  this  the  blood  pressure  was  164/108  auscultatory,  170/112  graphic.  The 
arm  was  then  decompressed.  Three  minutes  later  blood  pressure  was  148/100, 
auscultatory  and  graphic;  5  minutes  later  130/94  auscultatory,  132/92  to  1447/92 
graphic.  Thirteen  minutes  after  decompression  blood  pressure  was  115/76 
auscultatory  and  118/79  graphic,  subject  felt  normal.  These  results,  as  well  as 
the  amplitude  of  oscillations  from  the  Erlanger  instrument,  are  seen  in  graphic 
form  in  figure  4  and  are  tabulated  in  table  2.  It  will  be  seen  that  the  amplitude 
of  oscillations  increases  with  the  arterial  pressure. 

The  symptoms  in  the  control  are  not  so  severe  as  in  the  smoking 
expteriments,  although  the  blood  pressure  in  some  of  the  controls  was 
run  up  higher  than  in  some  of  the  smoking  experiments.  The  absence 
of  nausea  in  the  controls  is  the  most  striking  difference.  Undoubtedly 
the  action  of  the  tobacco  superimposed  upon  the  greatly  disturbed 
circulatory  condition  is  a  factor  in  the  production  of  symptoms  but  it  is 
evident  that  the  circulatory  changes  alone  can  produce  definite  symp- 
toms. It  will  be  noted  that  the  rise  in  blood  pressure  begins  earlier, 
within  20  to  25  minutes  after  compression  starts,  in  the  smoking  experi- 
ments than  in  the  controls,  35  to  45  minutes. 

Tables  1  and  2  give  the  full  data  of  one  smoking  and  one  control 
experiment,  respectively.  It  is  found  impracticable  to  tabulate  all  the 
data  of  all  the  experiments.  Tables  3  and  4  have  therefore  been  con- 
structed which  give  a  sunmxary  of  the  data  of  all  the  eight  smoking  and 
five  control  experiments,  respectively.' 

Further  investigation  of  the  factor  or  factors  bringing  about  the 
marked  rise  in  blood  pressure  just  noted  seemed  desirable.    It  could  be 

*  N.  S.  and  S.  in  tables  3  and  4,  refer  to  non-smokers  and  smokers  respectively. 
G  and  A,  after  blood  pressure  figures,  refer  to  graphic  and  auscultatory  methods, 
respectively. 
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ascribed  neither  to  the  tobacco  nor  to  the  sucking  action  of  the  smoking, 
as  both  of  these  were  eliminated  as  factors  in  the  controls.  The  explana- 
tion which  first  suggested  itself  was  that  the  rise  in  blood  pressure  was  a 

TABLE  1 
Data  of  a  smokini  experiment,  no,  9,    Habitual  smoker.  ' 


TIM> 

OOMFBXMIiro 

PBXMURint 

TOUC*'  AXD 

'*HTPODIAB- 

TOLIC" 

BLOOD 
nUHSUBB, 

▲UtCUUTA- 
TOBT 

MINmUM 

AHD 
▲TIBAai 

Tiom 
rsoM 

**HTFBBST»- 
TOUC" 
tADXXr 

MAXnCUM, 

Mnnicuif 

AKD 
▲TBBAQB 

ouonukr 

TIOMB 

FBOM 

"HTVODIAS- 

TOUC" 

JACKR 

rniMm 
tusrm 

PBB 

minuiM 

mm.  Hq. 

mm.  Hg. 

mm. 

mm. 

Before  compression 

105-70 
105-70 

5 

llS-«7 

105-70  G 
105-70  A 

3.1 
1.8 
2.5 

4.8 
3.0 
3.8 

65 

10 

113-67 

107-72  A 

3.6 
1.6 
2.5 

3:3 

2.3 
3.1 

73 

After  application  of 
compression 

24 

113-«7 

120-80  G 

8.5 
4.2 
6.0 

3.8 
2.8 
3.2 

71 

35 

113-67 

145-95  A 

12.4 
6.8 
9.2 

3.7 
2.4 
2.8 

68 

41 

113-67 

142-92  G 

14.5 
9.4 

3.4 
2.4 

68 

12.2 

2.8 

1 

137-85  G 

After     release     of 

6 

120-78  Q 

compression 

9 
14 

112-74  G 
110-78  G 

response  to  the  local  ischemia  produced  by  the  compression  exerted  on 
the  arm  in  the  jackets.  It  mi^t  be  thou^t  of  as  a  compensatory  effort 
to  force  blood  into  the  tissues  rendered  anemic  by  the  compression. 
Such  a  response  is  of  course  well  known  in  the  case  of  increased  intra- 
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TABLE  2 

Data  of  control  1.    Non-smoker 


TIMB 

coimoasiON 

PBSMUBB 

BLOOD 

PBBflSURB, 

OKAPHIC  AMD 

AUacm/TATOBT 

AMPLirnoBor 

MAZZMT7M 

mm.  Ho, 

mm.  Eg, 

113-76  G 
114-75  A 

111-76  G 
115-75  A 

mm, 
7.0 

6.5 

Before  compression 

113-78  G 
114-75  A 

112-76  G 
114-75  A 

7.0 
7.0 

• 

113-77  G 
112-75  A 

7.0 

2 

160 

120-80  G 
122-80  A 

7.0 

6 

160 

118^0  G 
121M0A 

7.8 

10 

160 

118-76  G 
120-78  A 

7.6 

16 

160 

118-78  G 
120-76  A 

7.2 

After  application  of  com- 
pxession 

21 

150 

118^0  G 
122-78  A 

7.0 

26 

150 

120-84  G 
124r80A 

7.0 

32 

160 

122-81  G 
124^2  A 

7.2 

40 

160 

132-86  G 
132-85  A 

9.0 

60 

150 

140^5  G 
136-90  A 

8.0 
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TABLE  f'-C&nduiti 


TXME 

C01CPBX8BI0N 

PBE8SX7RK 

BLOOD 

PREUUBE. 

GBAPHIC   AMD 

AUKCLTATOBT 

AMPUrUDBOr 

OBcwuaaM 

mintuet 

mm.  Eg. 

mm.  Eg, 

mm. 

After  application  of  com- 

52 

150 

160-100  G 

134-100  G 
142-92  A 
134-90  A 

8.2 

pression 

55 

170 

162-102  G 
160-98  A 

10.2 

60 

180 

170-112  G 
164-108  A 

10.5 

3 

148-100  G 
148-100  A 

8.5 

5 

132-92  G 
144?-92G 
130-94  A 

•        7.5 

7 

132-90  G 
130-92  A 

7.8 

After  release  of  compres- 

9 
9 

118-83  G 
122-84  A 

6.8 

sion 

11 

116-82  G 
118-78  A 

6.8 

13 

118-79  G 
115-76  A 

6.5 

15 

11^76  G 
116-75  A 

6.5 

20 

116-76  G 
116-76  A 

6.7 

cranial  pressure  but  so  far  as  we  knew  at  that  time  no  such  observations 
had  ever  been  made  upon  extracraniia-l  tissue.  Moreover,  the  condi- 
tions in  the  two  cases  are  not  strictly  comparable,  since  in  the  case  of 
increased  intracranial  pressure  the  vasoconstrictor  center  itself  is  pre- 
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TABLES 
Summary  of  data  of  smoking  experiments 


TIMB,  ATPBB 

NUMBSB 

INITIAL  BLOOD 
PBBflBUBB 

PBBSBUBB  nr 

JACKST 

HIGHXn 

BLOOD  PBBSBUBB 

▲TTAINBD 

AVPBABAMCB 

OP  BIBB  OP  BLOOD 

PBBBBUBB 

mm.  Ho. 

mm.  Hg. 

mm.  Hg. 

minutM 

3NS 

108-74  A 

118 

122^  A 

17 

6NS 

106-70  G 
107-72  A 

114 

12&-90G 
128-90  A 

18 

6S 

oa-70 

108 

118-84 

30 

78 

106-70 

113 

130-92 

15 

8S 

105-70 

113 

116^ 

28 

93 

106-70  G 
105-70  A 

113 

145-95  A 

20 

10  S 

10&<80G 

116 

118-98 

34 

lis 

104-62  G 
106-62  A 

112 

138-80 

24 

TABLE  4 
Summary  of  data  of  control  experiments 


KtniBBB 

INITIAL  BLOOD 
PBBSBUBB 

COMPBBBSma 
PBBSBUBB 

HIOBBST 

BLOOD  PBBSBUBB 

ATTAINBD 

TDCBi  APTBB 
COIfPBBSBION,  OP 

APPBABAMCB 

OP  BUB  OP  BLOOD 

PBB8SUBB 

mm.  Hg. 

mm.  Hg. 

mm.  Hg. 

minutet 

INS 

112-76  G 
114-75  A 

150 

170-112  G 

40 

28 

108-70  G 

135 

134^0  G 

? 

3N8 

112-72  G 

135 

144-85  G 

40 

4N8 

112-74  A 

158 

144-100  A 

44 

5NS 

110-72  G 
112-72  A 

116 

144-90  A 

23 
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sumably  rendered  ischemic  and  thereby  stimulated,  while  in  the  case 
at  hand  the  local  ischemia  must  bring  about  the  rise  in  blood  pressure 
either  reflexly,  chemically  or  in  some  other  way  than  by  direct  stimula- 
tion of  the  vasomotor  center  such  as  obtains  in  the  case  of  increased 
intracranial  pressure. 

Accordingly  the  pressure  was  set  in  the  jacket  at  diflFerent  levels  in 
order  to  determine  at  what  level  a  rise  in  blood  pressure  would  be  pro- 
duced. It  was  found  that  there  was  practically  no  change  in  blood 
pressure  until  the  pressure  in  the  jacket  was  raised  above  the  systolic 
pressure.  Also,  there  was  not  an  exact  correspondence  between  the 
height  of  the  pressure  in  the  jacket  and  the  extent  to  which  the  blood 
pressure  would  be  raised,  but  in  every  case  except  two,  controls  1  and  4, 
the  systoHc  blood  pressure  rose  to  a  height  greater  than  that  in  the  jacket, 
up  to  165  nun.  Hg.  In  one  of  these  exceptions,  control  4,  the  pressmre 
was  rising  rapidly  when  the  compression  was  released  and  there  is  no 
reason  to  beUeve  that  it  would  not  have  exceeded  the  compressing  pres- 
sure if  the  latter  had  been  kept  on  a  short  time  longer.  In  the  other 
exception,  control  1,  the  blood  pressm^  was  not  given  a  chance  to  rise 
above  the  compressing  pressure,  for  as  the  former  rose  the  latter  was 
purposely  raised  to  keep  it  above  the  former.  Thus  at  the  close  of  the 
experiment  conducted  in  this  way  the  compressing  pressure  was  180 
mm.  Hg.,  the  systolic  blood  pressure  170  nun.  Hg.  This  failure  of 
exact  correspondence  may  be  due  to  variations  in  the  relation  of  arteries 
to  the  bony  framework  in  diflFerent  individuals,  requiring  greater  excess 
above  sjrstolic  to  render  one  person's  forearm  ischemic  than  is  required 
for  another.  The  fact  that  under  a  compression  10  nun.  Hg.  above  sys- 
tolic the  systolic  pressure  might  rise  30  to  40  mm.  indicates,  as  is  of 
course  well  known,  that  the  circulation  is  still  seriously  interfered  with 
even  though  the  compressing  pressure  may  no  longer  exceed  the  sys- 
tolic pressure.  It  will  also  be  noted  that  in  one  and  the  same  individual 
the  time  required  for  the  development  of  the  rise  of  pressure  varies 
from  25  to  45  minutes. 

An  eflfort  was  next  made  to  determine  the  mechanism  acting  to  pro- 
duce this  rise  of  blood  pressure.  The  pressure  in  one  jacket  was  set 
27  nun.  above  sjrstolic  while  the  other  jacket  was  used  as  a  plethysmo- 
graph.  If  the  rise  in  blood  pressure  were  due  to  a  vasoconstriction  we 
should  expect  a  diminution  in  the  volimxe  of  the  pleth3nsmographed  arm 
coincident  with  the  rise  in  blood  pressure.  It  was  foimd,  however,  that 
the  volume  of  the  plethysmographed  arm  increased  during  the  rise  in 
blood  pressure.    This  increase  was  maintained  during  the  period  of 


Digitized  by 


Google 


BLOOD  PRESSURE  RESPONSE  TO  TISSUE  COMPRESSION  337 

heightened  blood  pressure.  The  arm  volume  receded  rapidly  when  the 
blood  pressure  fell  on  release  of  the  pressure  on  the  other  arm.  Some  of 
the  details  of  this  experiment  are  here  given. 

Plethysmograph  tracing  with  compression. 

Time  in 
minutes 

0    Blood  pressure  108/70.    Pressure  in  compression  jacket  135  mm. 

During  first  half -hour  no  significant  change  in  plethysmograph  tracing 

or  in  blood  pressure. 
30  Blood  pressure  116/74. 
35    Blood  pressure  122/78.    Plethysmograph  curve  starts  up  rather  rapidly, 

steady  upward  trend. 
40    Blood  pressure  134/76.    Plethysmograph  curve  going  slowly  but  steadily 

upward.    Arm  now  decompressed.    Plethysmograph  tracing  at  once 

assumes  a  consistent  downward  trend,  blood  pressure  at  same  time 

falling. 
44    Blood  pressure  116/74,  plethysmograph  tracing  coming  down  steadily. 
48    Blood  pressure  114/76,  plethysmograph  tracing  coming  down  consistently 

with  a  gradual  retardation. 

It  seemed,  then,  that  we  had  shown  that  the  blood  pressure  rises  to 
overcome  a  local  ischemia  produced  by  compression  of  extracranial 
tissue  and  that  this  rise  is  not  accompanied  by  vasoconstriction  in  a 
plethysmographed  arm.  PossibiHties  for  further  investigation  on  the 
human  subject  as  to  the  nature  of  this  response  seemed  practically 
exhausted.  Accordingly  we  turned  to  animal  experiments  for  further 
light.  Naturally,  one  of  the  first  questions  which  presented  itself  was 
whether  or  not  we  had  in  our  observations  a  clue  to  the  explanation  of 
one  type  of  clinical  hypertension.  We  might  conceive  of  scar  tissue  in 
the  renal  capsule  contracting  and  subjecting  the  kidney  to  a  pressure 
great  enough  to  interfere  with  renal  circulation,  the  response  be- 
ing a  rise  in  blood  pressure.  Or  local  areas  of  kidney  tissue  might 
be  thus  affected  by  interstitial  scarring,  or  an  analogous  condition  might 
obtain  in  other  organs.  Such  a  conception  is  of  course  not  original 
but  so  far  as  we  knew  no  one  had  subjected  this  conception  to  an  experi- 
mental test. 

A  compression  chamber  was  therefore  devised  by  which  pressure 
could  be  appUed  to  the  kidney  without  occluding  the  renal  vessels  or 
ureter.  It  consisted  of  two  airtight  bladders,  one  to  be  placed  on  each 
side  of  the  kidnet,  and  a  brass  case  to  surround  these.  This  was  made 
in  two  halves  which  could  be  quickly  taken  apart.  The  vessels  and 
ureter  came  out  through  openings  cut  into  the  approximating  edges  of 
the  halves.    The  case  itself  was  not  airtight,  the  air  pressure  being 
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applied  inside  the  bladders,  the  case  acting  merely  as  a  guard  for  the 
bladders.  Precautions  were  taken  in  applying  the  chamber  not  to  in- 
jure the  renal  nerve  supply  passing  through  the  pelvis. 

In  the  first  experiment  a  rabbit  was  used.  Chloral  and  urethane  were  admin- 
istered by  stomach  tube  one  half -hour  before  experiment  started  and  were  fol- 
lowed by  light  ether  anesthesia.  Cannula  in  right  carotid.  Compression  cham- 
ber placed  on  left  kidney  through  lumbar  incision.  Initial  blood  pressure  50  mm. 
Hg.  Pressure  to  which  kidney  was  subjected  and  blood  pressure  were  recorded 
on  kymograph,  same  base  line  being  used,  so  that  relation  of  pressure  on  kidney 
to  blood  pressure  could  be  seen  at  a  glance.  Animal  in  only  fair  condition.  After 
several  minutes  of  constant  blood  pressure  a  pressure  of  60  mm.  Hg. ,  about  10  mm. 
above  blood  pressure,  was  put  on  the  kidney.  No  change  in  blood  pressure 
resulted.  This  was  repeated  several  times,  the  pressure  being  raised  as  high  as 
100  mm.  Hg.  and  the  duration  of  the  pressure  varying  from  30  seconds  to  5  min- 
utes. In  no  case  was  any  significant  change  in  blood  pressure  observed.  At  the 
conclusion  of  the  experiment  the  pressure  was  raised  to  70  mm.  Hg.  and  the  renal 
vessels  occluded  by  a  clip.  Kidney  then  decompressed  and  chiunber  removed. 
Kidney  seen  to  be  blanched.  Clip  then  removed  from  vessels,  when  kidney 
immediately  became  red  and  was  distinctly  seen  to  increase  in  volume;  at  the 
same  time  slight  hemorrhage  started  from  the  small  capsular  vessels  which  had 
been  torn  in  removing  the  pericapsular  fat  while  putting  on  the  compression 
chamber.  This  seemed  to  be  good  evidence  that  the  kidney  had  really  been  ren- 
dered anemic  by  compression. 

The  experiment  was  repeated  with  a  dog,  using  ether  anesthesia.  The  same 
result,  i.e.,  no  significant  change  in  blood  pressure,  was  obtained.  Another 
experiment  with  a  decerebrate  cat  as  subject  also  was  negative. 

It  seemed  possible  that  the  rise  in  blood  pressure  obtained  in  man 
might  be  due  to  the  discomfort  produced  by  the  compression.  In  order 
to  investigate  this  point  a  human  subject,  K.  A.  M.,  was  given  ''twi- 
light/' the  morphine-scopolamine  anesthesia  regularly  used  on  the  ob- 
stetrical service  in  Barnes  Hospital.  An  initial  subcutaneous  injection 
of  morphine,  grain  i  and  scopolamine,  xivi  followed  in  45  minutes  and 
90  minutes  by  scopolamine,  grain  ^^,  was  given.  At  the  end  of  90 
minutes  the  subject  was  in  the  peculiar  state  which  has  been  clearly 
described  by  H.  Schwarz  (5).  In  the  case  at  hand  the  subject  was  quite 
unconscious  although  he  stirred  restlessly  at  times.  At  the  conclusion 
of  the  experiment  he  had  no  recollection  of  what  had  happened.  He  did 
not  recover  consciousness  sufficiently  to  walk  imassisted  imtil  3  hours 
after  the  conclusion  of  the  experiment.  The  results  of  this  experiment 
were  the  same  as  those  with  the  conscious  subjects,  i!e.,  a  marked  rise 
of  blood  pressure,  the  systolic  rising  from  115  to  155  and  the  diastolic 
from  75  to  85  mm.  The  pressure  in  the  jacket  was  set  at  130  mm. 
Hg.,  15  mm.  above  the  initial  systolic.    Owing  to  the  inabiUty  of  the 
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subject  to  cooperate  it  was  found  impracticable  to  record  the  pulsations 
but  blood  pressure  determinations  were  made  at  frequent  intervals  with 
both  graphic  and  auscultatory  methods.  The  rise  in  blood  pressure 
was  initiated  32  minutes  after  application  of  pressure  and  was  main- 
tained until  release  of  pressure,  45  minutes  after  its  appUcation.  Blood 
pressure  fell  rapidly  after  release  of  the  pressure  in  the  jacket  and  in 
6  minutes  had  reached  its  initial  level.  TwiUght  alone  produces  no 
significant  blood  pressure  changes. 

Discussion,  It  seems  apparent  that  a  rise  in  blood  pressure  occurs  in 
the  human  subject  beginning  25  to  45  minutes  after,  and  reaching  its 
maximum  35  to  60  minutes  after  a  pressure  exceeding  systoUc  blood 
pressure  is  applied  to  the  forearm  and  hand.  This  rise  apparently  is 
not  due  to  a  somatic  vasoconstriction.  It  has  also  been  seen  that  this 
rise  is  not  dependent  upon  any  subjective  reactions  to  the  conditions  of 
the  experiment.  On  the  other  hand,  we  have  failed  to  obtain  any  signifi- 
cant changes  in  blood  pressure  as  a  result  of  briefer  periods  of  kidney 
compression  in  either  anesthetized  or  decerebrate  animals.  Before 
attempting  to  reconcile  these  findings  let  us  consider  briefly  the  pos- 
sible significance  of  the  unquestionably  positive  findings  in  the  human 
subject. 

First,  it  is  apparent  that  the  mechanism  producing  this  response  is 
not  mechanical  forcing  of  the  blood  from  the  arms  into  the  restricted 
circulatory  bed.  The  long  latent  period  eliminates  this  explanation. 
It  also  shows  that  this  is  not  an  ordinary  pressor  refiex,  which  is  imme- 
diate in  its  response.  Just  what  the  mechanism  is  is  not  clear.  We 
might  conceive  that  owing  to  some  metabolic  disturbance  in  the  ischemic 
tissues  they  elaborate  a  toxic  pressor  substance  which  slowly  accumu- 
lates until  it  is  present  in  concentration  sufficient  to  produce  physio^ 
logical  effects.  This  substance  must  then  act  locally  on  the  peripheral 
nerves,  since  it  is  excluded  from  the  circulation.  Its  action  cannot  be 
that  of  adrenalin  for  a  vasoconstriction  of  the  forearms  alone  could  not 
produce  such  amarked  rise  in  blood  pressure ;  furthermore  a  vasoconstric- 
tion in  the  areaof  production  of  this  hypothetical  substance  could  not  raise 
the  blood  pressure,  since  this  area  is  already  excluded  from  the  circuli^ 
tion  by  the  external  pressure.  We  may  present  then,  the  conjecture 
that  the  hypothetical  toxic  substance  acts  upon  the  afferent  fibers,  pro^ 
ducing  an  increasing  pressor  reflex  as  it  accumulates.  When  the  circu- 
lation is  restored  to  the  forearm  this  substance  may  be  quickly  oxidized, 
permitting  the  blood  pressure  to  fall  to  normal.  In  the  instances  in 
which,  while  smoking,  the  blood  pressure  fell  to  a  subnormal  level  and 
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collapse  seemed  imminent  while  the  pressure  was  still  being  exerted  upon 
the  arm,  it  may  be  supposed  that  vasomotor  fatigue  supervened  and 
perhaps  was  aggravated  by  the  nicotine. 

The  region  of  vasoconstriction  is  probably  splanchnic.  The  plethjrs- 
mograph  observation  referred  to  above,  in  which  it  was  seen  that  the 
volume  of  one  forearm  increased  while  the  other  was  imder  compression 
and  the  blood  pressure  was  rising,  shows  that  the  vasoconstriction  does 
not  include*  the  opposite  arm  and  presumably,  therefore,  none  of  the 
so-called  somatic  area,  although  it  is  recognized  that  the  latter  presump- 
tion must  be  made  with  considerable  reservation.  It  is  highly  probable, 
then,  that  by  far  the  most  powerful  vasomotor  influence  is  exerted  upon 
the  splanchnic  area  and  that  the  increase  in  volume  of  the  opposite  arm 
is  purely  passive. 

In  regard  to  our  failure  to  get  positive  results  in  the  animal  experi- 
ments, it  is  apparent  in  the  first  place  that  the  two  sets  of  experiments 
are  not  analogous  in  that  the  time  of  compression  in  the  animal  experi- 
ments was  not  as  long  as  the  time  required  for  the  rise  in  blood  pressure 
to  make  itself  manifest  in  the  hmnan  experiments.  Longer  periods  were 
not  used  because  it  became  evident  that  a  compression  of  the  kidney 
lasting 30 minutes  would  injureitso  severely  that  even  if  a  rise  in  pressure 
did  occur  we  would  not  be  justified  in  assuming  that  it  was  due  to  the 
same  factor  operating  in  our  human  experiments  and  also  because  we 
would  have  no  return  to  normal  conditions.  We  therefore  felt  that  it 
was  not  practicable  to  carry  out  on  an  animal's  kidney  the  same  pro- 
cedure carried  out  on  a  man's  forearm. 

We  had  conducted  two  experiments  on  rabbits,  with  negative  results, 
when  we  found  that  Alwens  (6)  had  preceded  us  in  this  method.  Alwens 
found  that  on  subjecting  both  kidneys  of  a  cat  to  a  pressure  above 
systolic  blood  pressure  there  was  an  immediate  rise  in  blood  pressure  of 
a  few  mm.  (5  to  10)  and  an  inunediate  fall  in  blood  pressure  on  release 
of  compression  pressure.  The  latent  period  was  imperceptible.  He 
finds  this  occurring  even  after  the  splanchnic  nerves  have  been  cut,  and 
that  it  disappears  on  ligation  of  the  renal  arteries.  He  does  not  ascribe 
any  importance  to  this  slight  rise  as  an  explanation  of  clinical  hyper- 
tension, admitting  that  it  is  certainly  due  to  a  direct  transmission  of 
the  pressure  exerted  upon  the  kidneys  out  through  the  renal  arteries  to 
the  aortic  stream.  The  reason  for  our  failure  to  obtain  a  similar  rise 
on  kidney  compression  is  due  to  the  fact  that  we  compressed  only  one 
kidney,  the  mechanical  effect  of  this  not  being  great  enough  to  produce 
an  appreciable  change.    In  a  case  where  Alwens  compressed  only  one 
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kidney  he  obtained  a  rise  in  blood  pressure  of  4  nun.  Hg.  Such  a  rise 
cannot  be  regarded  as  of  any  significance;  in  fact,  we  obtained  changes  of 
this  magnitude  without  attributing  any  significance  to  them.  Alwens 
failed  to  obtain  blood  pressure  changes  on  compression  of  the  hind  limb 
of  dogs  for  brief  periods.  This  he  explained  as  being  due  to  the  in- 
directness of  the  transmission  of  the  pressure  to  the  aortic  stream.  It  is 
obvious  that  the  phenomenon  with  which  we  are  dealing  in  our  40 
minute  periods  of  compression  of  the  forearm  is  quite  different  from  that 
dealt  with  by  Alwens.  As  we  have  stated,  we  found  that  practical 
difficulties  rendered  it  impossible  to  subject  the  kidney  to  a  compression 
of  the  same  duration  as  was  practicable  with  the  forearm.  We  may, 
then,  reject  both  Alwen's  and  our  own  animal  experiments  as  having 
no  bearing  on  the  phenomenon  under  consideration. 

The  idea  that  a  rise  in  blood  pressure  might  be  a  compensatory  re- 
sponse to  a  local  ischemia  produced  by  a  contraction  of  scar  tissue,  as 
in  chronic  interstitial  ne^dxritis,  is,  of  course,  an  old  one.  So  far  as  we 
can  discover,  however,  Alwens  was  the  first  to  attempt  to  reproduce 
this  condition  experimentally,  and  his  attempt  was  unsuccessful.  Our 
positive  results  were  obtained  by  subjecting  tissues  to  a  much  longer 
period  of  compression;  and  it  is  this  difference  in  the  method  employed 
that  undoubtedly  accounts  for  the  difference  in  results  of  previous 
observers  and  of  ourselves.  Alwens  assumed  that  the  response  would 
be  similar  to  that  of  intracranial  tissue  to  compression,  i.e.,  almost 
immediate,  and  his  work  was  discontinued  upon  failure  to  get  this 
immediate  response.  So  far  as  we  are  aware  ours  is  the  first  demonstra- 
tion of  a  response  by  an  increase  in  blood  pressure  to  local  ischemia 
produced  by  compression  of  extracranial  tissue.  We  beheve  that  there 
is  a  strong  probability  of  a  connection  between  these  results  and  the 
mechanism  of  certain  types  of  clinical  hypertension.  We  feel  that  it  is 
impossible  to  produce  experimentally  in  the  kidneys  by  compression 
conditions  similar  enough  to  those  obtaining  in  kidney  disease  to  sub- 
ject our  views  to  a  fair  test  on  kidney  tissue,  but  we  believe  that  we  have 
succeeded  in  producing  an  analogous  condition  in  the  arm  tissue,  with 
strikingly  positive  findings. 

SUMMARY 

Compression  of  the  forearm  great  enough  to  produce  a  local  ischemia 
produces  a  rise  in  systolic  and  diastolic  arterial  pressures,  the  systolic 
pressure  tending  to  rise  above  the  compressing  pressure. 
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The  rise  in  pressure  does  not  manifest  itself  until  the  compression 
has  lasted  15  to  45  minutes,  and  then  is  usually  maintained  as  long  as 
the  compression  is  maintained,  at  least  up  to  60  minutes.  It  appears 
earlier  with  smoking  than  without.  Headache,  sweating  and  a  sensation 
of  heat  usually  accompany  the  rise  in  pressure;  in  smoking  nausea  also  is 
usually  present,  even  in  the  case  of  habitual  smokers. 

Marked  waves  of  blood  pressure  have  been  observed  to  initiate  the 
rise.    Whether  or  not  this  is  a  constant  phenomenon  is  not  certain. 

The  arterial  pressure  rapidly  returns  to  its  initial  level  on  release  of 
compression.  In  2  cases  the  blood  pressure  fell  to  or  below  its  initial 
level  before  decompression.  This  was  presumably  due  to  vasomotor 
fatigue  and  was  accompanied  by  symptoms  of  collapse. 

The  rise  in  pressure  is  probably  due  to  splanchnic  vasoconstriction. 
It  is  accompanied  by  an  increase  in  volume  of  the  opposite  arm,  which 
is  probably  passive. 

No  significant  change  in  blood  pressure  resulted  on  brief  compression 
of  the  kidney  in  the  anesthetized  rabbit  and  dog,  or  in  the  decere- 
brate cat. 

The  suggestion  is  made  that  these  findings  may  have  some  bearing  on 
the  etiology  of  clinical  hypertension. 

The  authors  wish  to  thank  Doctor  Erlanger  for  numerous  helpful 
suggestions  made  during  the  course  of  the  work. 
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It  is  generally  assumed  by  adherents  of  the  modem  theory  of  urinary 
secretion  (1)  that  the  diuresis  following  the  drinking  of  large  quantities 
of  water  is  due  to  a  dilution  of  the  blood.  The  decrease  of  the  osmotic 
pressure  of  the  blood  plasma  incident  to  the  hydremia,  it  is  believed, 
favors  filtration  through  the  renal  capsule. 

There  is,  however,  little  direct  experimental  evidence  to  support  this 
assumption.  Engel  and  Scharl  (2)  studied  the  blood  concentration 
and  urine  output  after  1300  to  1400  cc.  of  flxiid  by  mouth.  Their 
patients  showed  diuresis  but  no  diminution  in  the  refractive  index  of 
the  blood.  In  some  of  their  experiments  the  blood  became  more  con* 
centrated  during  the  height  of  the  diuresis.  MacCallum  and  Benson 
(3)  produced  profuse  diuresis  by  drinking  2700  cc.  of  water.  They 
also  were  unable  to  detect  a  diminution  in  the  concentration  of  the 
blood  with  the  hemocytometer .  Haldane  and  Priestley  (4)  and  Priestley 
(5)  induced  diuresis  by  drinking  large  quantities  of  water  and  saline. 
They  found  that  the  hemoglobin  remained  unaltered  after  water  drink- 
ing but  a  sUght  reduction  in  the  electrical  conductivity  of  the  serum 
occurred.  After  saline  the  hemoglobin  was  sUghtly  diminished  and 
the  electrical  conductivity  of  the  senmi  increased.  The  diuresis  after 
saUne  was  less  intense  but  more  prolonged  than  after  water  drinking. 
They  concluded  that  the  diuresis  following  the  drinking  of  fluids  was 
not  due  to  a  dilution  of  the  blood. 

Ginsberg  (6)  studied  the  relation  between  hydremia  and  diuresis 
by  comparing  the  amounts  of  urine  secreted  after  water  and  saUne 
drinking  and  after  intravenous  injections  of  the  same  substances.  He 
found  that  the  diuresis  produced  by  giving  the  fluids  intravenously  was 
much  less  marked  than  that  produced  by  giving  smaller  amounts  by 
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mouth.  He  concluded  that  hydremia  was  not  the  important  factor  in 
causing  water  and  saline  diuresis.  Cow  (7)  confirmed  Ginsberg's  find- 
ings and  isolated  a  diuretic  substance  from  the  duodenal  wall.  He 
believed  that  when  fluids  were  drunk  this  diuretic  substance  was  washed 
into  the  circulation  and  produced  the  diuresis. 

During  the  course  of  some  studies  on  the  fluid  treatment  of  infants 
with  diarrhea,  data  on  the  relation  between  blood  concentration  and 
urine  output  were  obtained.  These  seem  of  sufficient  importance  to  be 
reported  here. 

The  method  of  study  was  as  follows:  Normal  male  infants  were  given 
30  to  35  cc.  of  fluid  per  kilogram  of  body  weight  and  the  mine  collected 
for  four  hours.  Blood  samples  for  refractometric  determination  were 
taken  immediately  before  and  at  frequent  intervals  after  the  flxiid  was 
drunk.  The  water  was  sweetened  with  a  little  saccharine.  Saline 
was  given  by  gavage. 

The  serum  concentration  was  determined  with  the  Abbe  refrac- 
tometer.  To  prevent  temperature  variations,  all  the  specimens  from 
a  single  experiment  were  read  simultaneously.  Readings  were  made  at 
temperature  of  19  to  21®  and  distilled  water  was  read  each  time.  Blood 
was  collected  in  Wright  capsules.    These  were  sealed  and  kept  on  ice. 

The  method  of  Robertson  (8)  was  used  to  determine  the  refractive 
index  of  the  non-protein  substances  of  serum.  The  method  consists 
of  the  precipitation  of  the  serum  proteins  with  weak  acetic  acid  and  heat. 
The  rrfractive  index  of  the  acetic  acid  filtrate  and  of  weak  acetic  acid 
are  determined.  From  the  difference  between  these  two  readings  the 
refractive  index  of  the  non-proteins  is  calculated.  We  found  that  in 
the  serum  of  well  infants  this  ranged  between  0.0016  and  0.0024.  It 
was  generally  around  0.0020.  We  consequently  used  this  latter  figure 
in  our  calculations.  0.0020  was  added  to  the  reading  for  the  refrac- 
tive index  of  water,  the  sum  was  subtracted  from  the  reading  for 
whole  serum.  This  gives  the  refractive  index  of  the  serum  proteins. 
By  dividing  this  figure  by  0.00172,  the  value  given  by  Reiss  (9)  for  the 
refractive  index  of  1  per  cent  of  protein,  the  percentage  of  protein  is 
obtainec}.  The  method  of  calculating  the  serum  protein  percentage 
from  the  refractive  index  of  serum  may  be  represented  as  follows: 
S  =  Refractive  index  of  serum. 

W  =  Refractive  index  of  water  read  at  the  same  tem- 
perature as  the  serum. 
0.0020  =  Refractive  index  of  the  non-protein  substances  of  serum. 
0.00172  =  Refractive  index  of  1  per  cent  of  serum  protein  (Reiss). 
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P  =  Refractive  index  of  the  serum  proteins, 
p  =  8  -  (W  +  0.0020). 

=  Percentage  of  serum  protein. 


0.00172 

Urine  was  collected  by  means  of  a  curved  glass  tube,  one  end  of  which 
was  drawn  over  the  infant's  penis  and  attached  to  the  pubis  and  peri- 
neum with  adhesive  plaster.  The  other  end  was  attached  by  means  of 
glass  and  rubber  tubing  to  a  bottle  which  hxmg  at  the  side  of  the  bed. 
An  electric  buzzer  aimoxmced  the  time  of  each  voiding.  The  head  of 
the  bed  was  raised  and  the  infant's  legs  gently  restrained.  This  ap- 
paratus has  been  in  use  at  this  hospital  for  some  time  and  has  been 
found  a  great  convenience  in  the  complete  collection  of  urine. 

TABLE  1 
Showing  the  resvlU  in  water  drinking  experiments 


EXPERIMZMT 
NUMBBB 

BBRUlf  FBOTBIN 
PBBCXMT 

BB70RB  WATBB 
DBINXINQ 

LOWXSrPOIMT 
TO  \v  HIGH 

rZU«  AFTER 

AMOXTMTOr 
WLXJW  DBUNK 

AMOUNT  or 
URXNX  YOIDBD 

PBBCBNTAGB 
or  INOB8TED 

WATBB 
BXCBBTBD  IK 

WATEB  DBINKIKO 

rOURHOUBB 

ec. 

ce. 

1 

7.37 

6.68 

210 

133 

60 

2 

6.74 

5.81 

180 

66 

30 

3 

7.64 

6.91 

120 

36 

29 

4 

8.24 

.     7.61 

180 

13 

7 

5 

7.26 

6.74 

210 

69 

33 

6 

6.93 

6.33 

136 

62 

38 

7 

7.84 

6.91 

136 

70 

61 

8 

6.68 

6.75 

120 

46 

38 

9 

8.43 

6.80 

105 

16 

16 

10 

7.43 

6.57 

105 

88 

83 

11 

7.09 

6.91 

136 

82 

61 

12 

8.02 

7.84 

210 

220 

105 

Results.  The  results  of  12  *  experiments  on  10  infants  after  water 
drinking  are  shown  in  table  1.  (See  also  protocols  at  the  end  of  the 
paper.)  In  10  of  the  12  experiments  there  was  a  distinct  hydremia  as 
indicated  by  a  diminution  in  the  refractive  index  of  the  blood  serum* 
This  started  immediately  after  the  water  was  drunk,  reached  its  height, 
in  from  thirty  minutes  to  two  hours  and  then  gradually  disappeared. 
The  maximum  dilution  usually  amoimted  to  about  0.5  to  0.9  per  cent 
of  protein  but  in  one  instance  the  decrease  in  serum  protein  amoimted 
to  1.63  per  cent  (exper.  9).  In  experiments  11  and  12  there  was  no 
significant  change  in  the  blood  concentration. 
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In  but  1  of  the  12  cases  was  there  excessive  secretion  of  urine.  In 
the  others  the  amoxmt  of  urine  voided  during  the  four-hour  period  fol- 
lowing the  water  drinking  varied  from  7  to  83  per  cent  of  the  water 
drunk.  Usually  about  35  per  cent  was  excreted.  In  experiment  9 
where  the  serum  protein  dropped  from  8.43  per  cent  to  6.80  only  15 
per  cent  of  the  water  drunk  was  excreted  in  the  four-hour  period.  Baby 
E.  T.  (exper.  12),  whose  blood  showed  no  significant  diminution  in 
concentration  after  the  water,  voided  105  per  cent  of  the  water  drunk. 

Seven  experiments  were  conducted  after  saUne  gavage  (table  2). 
In  two  instances  no  significant  dilution  of  the  blood  occurred.  The 
remaining  five  showed  distinct  hydremia.  As  after  water  drinking, 
the  blood  dilution  started  soon  after  the  saline  had  been  given  and 
reached  its  height  from  thirty  minutes  to  two  hours  afterwards.    In 

TABLE  2 
Showing  reaults  in  saline  gavage  experimenla 


BXPERniBMT 
NUMBBR 

8BRU1I  PROTBIN 

PBB  CBMT 

BBPOBB  WATER 

DRINKINO 

LOWBBTPOZMT 

TO  WHICH 

SBRUMPROTBUra 

FBIXAITBR 
WATER  DRINKING 

AMOUNT  OF 
SALINE  QITEN 

AMOUNT  OF 
.URINE  VOIDED 

PBaCBNTAQB 
OF  INGBOTBD 

SALINE 
EXCRETED  IN 
FOUR  HOURS 

1 

2 

3 

4 
6 
6 
7 

5.81 
7.26 
7.31 
6.39 
7.20 
7.65 
7.67 

5.58 
5.99 
7.03 
6.57 
6.54 
5.93 
6.51 

CC. 

200 

200 

180  . 

180 

200 

100 

200 

CC. 

0 
24 
18 
17 

0 
14 
31 

0 
12 
10 
9 
0 
14 
16 

three  instances  the  hydremia  was  preceded  by  a  brief  period  in  which 
the  blood  became  concentrated.  The  blood  concentration  in  4  experi- 
ments did  not  return  to  its  pre-fluid  level  in  four  hours  (table  2,  exper. 
2,  5,  6,  7).  The  hydremia  after  saline  gavage  was  more  marked  than 
after  water  drinking,  amounting,  in  4  of  the  7  experiments,  to  over 
1  per  cent  of  protein. 

Following  the  saline  there  was  a  distinct  oliguria.  The  largest  amount 
of  urine  secreted  in  four  hours  was  16  per  cent  of  that  given.  In  two 
instances  (exper.  2  and  5)  no  urine  was  voided  during  the  four-hour 
period.  These  results  correspond  with  those  of  Ohlman  (10),  who  simi- 
larly found  a  retention  of  fluid  after  saline  drinking  in  infants. 

In  our  series  of  experiments,  then,  hydremia  without  diuresis  was 
produced.    In  general,  in  those  instances  where  the  blood  dilution  was 
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greatest  the  urine  output  was  smallest.  After  the  saline  gavage  where 
the  serum  often  fell  more  then  1  per  cent  the  oliguria  was  marked.  It 
seems  clear  that  the  diminution  in  plasma  protein  concentration  and 
the  consequent  decrease  in  the  osmotic  resistance  of  the  plasma  to 
filtration  through  the  renal  capsule  are  not  sufficient  to  cause  diuresis 
in  well  infants. 

SUMMARY  AND   CONCLUSIONS 

1.  The  concentration  of  the  blood  and  the  secretion  of  urine  were 
studied  in  a  group  of  well  infants  after  water  and  saline  drinking. 

2.  After  water  drinking  a  moderate  hydremia  occurred  without 
diuresis. 

3.  After  saline  drinking  there  was  a  marked  blood  dilution  and  oli- 
guria. 

4.  In  infants,  hydremia  alone  does  not  necessarily  cause  diuresis. 
A  few  illustrative  protocols  are  appended. 
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WATER  DRINKING  EXPERIMENTS 

Experiment  4*  Hydremia  with  oliguria  after  water  drinking 

R.  A.    Age  6  months,  weight  5.7  kgm.,  180  cc.  water 


TIME 

8SRUM  PROTEIN 

AMOUNT  OF  UBINB 

percent 

CC. 

9:55  a.m. 

8.24 

10:01-10:20  a.m. 

Water  drinking 

10:20  a.m. 

7.84 

10:32  a.m. 

7.73 

11:01  a.m. 

7.61 

11:54  a.m. 

7.61 

12:00    m. 

9 

1:00  p.m. 

8.18 

1:40  p.m. 

4 

Total  urine 

13 
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Experiment  9,  Marked  hydremia  with  oliguria  after  water  drinking 
H.  S.    Age  4  months,  4.6  kgm.,  105  cc.  of  water 


TIMB 

BEBtTU  PROTEIN 

AMOUNT  OF  URINB 

percent 

CC. 

10:15  a.m. 

8.43 

10:20-10:25  a.m. 

Water  drinking 

11:00  a.m. 

7.61 

11:45  a.m. 

6.96 

12:20  p.m. 

6.80 

12:30  p.m. 

16 

1:45  p.m. 

6.90 

Total  urine 

16 

Experiment  IS.  Diureaie  without  hydremia  after  water  drinking 
E.  T.    Age  8  months,  6.4  kgm.,  210  cc.  of  water 


TIMB 

SERUM  PROTEIN 

AMOUNT  OF  UBINB 

percent 

ee. 

10:10  a.m. 

8.02 

10:14-10:20  a.m. 

Water  drinking 

10:20  a.m. 

19 

10:25  a.m. 

8.19 

10:50  a.m. 

7.84 

30 

11:00  a.m. 

40 

11:20  a.m. 

8.24 

11:60  a.m. 

67 

12:00    m. 

8.02 

1:07  p.m. 

26 

1:15  p.m. 

7.84 

2:50  p.m. 

8.02 

2:15  p.m. 

48 

Total  urine 

220 
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SALINE  GAVAGE  EXPERIMENTS 

Experiment  S,  Marked  hydremia  and  oliguria  after  ealine  gavage 

Age  5  months,  weight  4.7  kgm.,  200  cc.  of  saline 


TIUB 

8BBUM  PBOTBIN 

UBINB 

per  cent 

ee. 

10:05  a.m. 

7.26 

10:11-10:13  a.m. 

Saline  gavage 

10:14  a.m. 

7.61 

10:26  a.m. 

6.99 

10:35  a.m. 

6.61 

11:06  a.m. 

6.68 

12:12  p.m. 

6.67 

1:03  p.m. 

6.74 

2:07  p.m. 

6.74 

2:16  p.m. 

24 

Total  urine 

24 

Experiment  6.  Marked  hydremia  and  oliguria  after  saline.    Palmer  method  used 
for  the  determination  of  hemoglobin 

T.  P.    Age  3  months,  3.6  kgm.,  100  cc.  of  saline 


TniB 

HEMOGLOBIN 

SBBCM  PBOTBIN 

UBINB 

gm,  per  100  cc. 

percent 

ee. 

10:16  a.m. 

16.0  gm. 

7.66 

10:30  a.m. 

Saline  gavage 

11:00  a.m. 

13.6  gm. 

6.93 

11:30  a.m. 

14.6  gm. 

6.68 

12:16  p.m. 

16.0  gm. 

6.91 

14 

1:46  p.m. 

14.1  gm. 

6.67 

Total  urine 

14 
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Although  various  incomplete  summaries  of  the  work  done  on  the 
regeneration  of  the  cardiac  fibers  in  the  vagus  nerve  have  appeared  at 
different  times,  it  may  not  be  amiss  to  give  the  factual  conclusions 
reached  together  with  the  definite  data  from  which  these  were  drawn. 

As  early  as  1878  Gluck  (1),  working  with  rabbits,  was  under  the  im- 
pression that  he  had  estabUshed  the  certainty  of  a  vicarious  function 
in  the  cardiac  fibers  of  the  vagus  in  the  case  of  one  animal,  within  10 
days  after  cutting.  He  also  foimd  that  in  other  instances  manipiflation 
of  a  severed  and  sutured  vagus  gave  active  swallowing  movements 
some  time  later,  "partiellen  Restitution  der  Fimction."  No  definite 
time  for  recovery  of  fxmction  is  stated  in  these  cases.  However  it 
clearly  antedates  the  work  of  Vanlair  (2). 

The  latter  found  that  when  the  vagus  in  a  dog  was  cut  and  the  ends 
sutured  together,  he  obtained  recovery  of  function  in  the  recmrent 
laryngeal  branch  in  11  months.  He  was  able  to  demonstrate  no  return 
of  function  in  autonomic  fibers. 

Tuckett  (3)  first  either  cut  or  crushed  the  left  vagus  nerve  in  4  rabbits 
and  foxmd  that  he  got  no  regeneration  of  autonomic  fibers,  such  that 
electrical  stimulation  of  these  nerves  would  cause  a  change  in  heart 
rate,  in  from  89  to  231  days.  Later  however  (4)  he  reported  that  in 
the  case  of  3  rabbits  in  which  he  had  either  cut  or  crushed  the  left 
vagus,  he  was  able  to  produce  slowing  of  the  heart  by  stimulation  of  the 
injured  nerve  in  2  of  them  after  from  3  years,  8  days  to  3  years,  38  dajrs. 
This  is  the  first  authentic  record  of  regeneration  of  the  autonomic 
cardiac  fibers  which  has  come  to  the  writer's  attention. 

In  a  dog,  Stewart  (5)  f oimd  evidence  of  cardiac  response  to  stimula- 
tion of  the  right  vagus  nerve,  which  had  been  cut  300  dajrs  before. 

This  work  was  repeated  by  Rogers  (6)  on  4  cats  and  3  dogs.  In  the 
cats  he  found  no  regeneration  in  from  2  to  6  months  and  in  2  of  the 
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dogs  none  in  from  4  to  16  months.  In  the  third  dog  however  the  right 
vagus  had  been  cut  and  in  20  months  the  heart  was  definitely  slowed  by 
stimulation  of  this  injured  nerve. 

Langley  (7)  cut  the  right  vagus  in  a  kitten  and  found  no  functional 
regeneration  after  12  months. 

In  Schafer's  laboratory  the  most  extensive  study  of  the  subject  has 
been  carried  on  by  several  investigators.  Tsukaguchi  (8)  severed  the 
right  vagus  in  2  dogs  and  failed  to  get  cardiac  response  upon  stimulation 
173  to  175  days  later.  Schafer  and  Feiss  (9)  cut  the  left  vagus  in  2  cats 
and  stimulated  the  severed  nerve  12  months,  9  days  to  13  months  later; 
cut  the  right  vagus  in  3  cats  and  examined  10  to  11  months  later; 
severed  the  right  vagus  in  1  rabbit  and  investigated  74  days  afterward; 
cut  the  right  vagus  in  1  d(^  and  examined  11  months  later.  In  no  case 
was  regeneration  of  cardiac  fibers  indicated. 

Schafer  (10)  published  the  results  of  his  own  work  in  which  the  left 
vagus  of  a  dog  was  cut  and  exanuned  1  year,  10^  months  later.  The 
right  vagus  was  cut  in  5  cats  and  investigated  from  1  year,  5  months  to 
2  years,  50  days  later.  No  evidence  of  f imctional  recovery  of  the  nerve 
was  found  in  either  the  cats  or  the  dog. 

Up  to  date,  all  of  the  work  upon  regeneration  of  the  autonomic 
fibers  in  the  vagus  has  shown  that  the  cardiac  fibers  in  the  right  vagus 
of  the  d(^  may  in  some  instances  again  become  functional  in  from  300 
days  to  20  months,  and  that  similar  results  may  follow  severing  the  left 
vagus  of  the  rabbit  in  from  3  years,  8  days  to  3  years,  38  days. 

Experimenial.  In  December,  1920,  5  sheep,  4  ewes  and  1  ram  were 
procured  for  observation.  The  normal  heart  and  respiration  rates  were 
obtained  by  keeping  the  animals  quietly  standing  in  the  comer  of  a 
room  for  10  or  15  minutes.  Then  the  heart  rate  was  determined  by 
auscultation.  When  all  of  the  results  were  satisfactory,  a  xmilateral 
vagotomy  was  performed  upon  each  sheep. 

In  two  ewes  the  left  vago-sympathetic  trunk  was  cut  and  in  the 
remaining  two  ewes  and  the  ram  the  right  vagOHsympathetic  was 
severed.  All  nerves  were  cut  at  the  level  of  about  the  middle  of  the 
thyroid  gland. 

In  the  sheep  the  cervical  sympathetic  is  usually  so  closely  bound  to 
the  vagus  by  connective  tissue  that,  to  avoid  possible  injury  to  both 
nerves,  both  were  cut  across  instead  of  the  vagus  alone.  After  cutting, 
the  ends  of  the  trimks  were  approximated  and  held  by  a  fine  silk  suture. 

Before  tying,  however,  the  peripheral  ends  of  the  cut  nerves  were 
stimulated  by  induced  current  and  the  heart  rate  observed  by  placing 
the  bell  of  a  stethoscope  over  the  apex  region. 
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During  the  operation  the  sheep  was  placed  upon  its  back  and  held. 
The  field  of  incision  was  infiltrated  with  a  1  per  cent  solution  of  apothe- 
sine.  It  was  found  that  about  7  cc.  of  this  solution  gave  satisfactory 
local  anesthesia.^ 

To  avoid  the  death  of  the  sheep  by  asphyxiation  in  case  the  cutting 
of  the  one  inferior  lar3mgeal  nerve  caused  occlusion  of  the  larynx,  due  to 
collapse  of  a  thyreo-arytenoid  ligament,  trachea  tubes  were  inserted  in 
two  of  the  ewes  before  the  incision  was  sutured.  These  tubes  were 
cleaned  daily. 

After  5  or  6  days,  observations  were  again  made  upon  the  heart  and 
respiration  rate,  with  each  animal  quiet,  as  before  the  operation. 

Three  ewes  and  the  ram  died  from  1  to  8  months  after  operation. 

On  December  8,  1921,  363  days  after  the  right  vagOHsympathetic 
trunk  had  been  cut  and  sutured,  the  remaining  ewe  was  brought  up  for 
observation. 

The  sheep  was  anesthetised  with  ether,  a  tracheal  cannula  placed  in 
position  and  ether  alone  was  continued  throughout  the  experiment. 

A  glass  cannula  was  placed  in  the  right  common  carotid  artery  and 
connected  with  a  mercury  manometer.  Another  cannula  was  placed 
in  the  right  femoral  artery  and  attached  to  a  Hilrthle  manometer.  A 
pneumograph  was  arranged  to  record  abdominal  respiration.  The 
manometers  and  the  recording  tambour  of  the  pneumograph  were 
arranged  to  record  on  the  same  vertical  line  with  a  signal  magnet  and 
time  recorder,  on  a  long  paper  kymograph.  It  will  be  noted  in  the 
tracing  that  the  signal  magnet  was  accidentally  displaced  slightly  to 
the  right  of  the  line  of  the  other  recording  instruments. 

Cohn  (11)  lead  electrodes  were  placed  on  the  right  fore  leg  and  left 
hind  leg  so  that  simultaneous  electrocardiograms  could  be  taken. 

The  right  vagosympathetic  trunk  was  cut  and  the  peripheral  end 
repeatedly  stimulated  with  varsring  strengths  of  tetanizing  current. 
Then  the  left  vagus  trunk  (exclusive  of  the  sympathetic)  was  tied,  cut 
and  stimulated. 

Diacussiont  Of  the  five  sheep  operated  upon,  four  died.  Three  were 
old  sheep  and  were  used  for  this  experiment  in  the  hope  that  they  might 
live  to  its  completion.  Their  deaths  were  probably  not  due  to  the 
operation.  Two  were  young  healthy  ewes  and  of  these  one  died  of 
pnemnonia  following  lambing.  The  remaining  ewe  was  the  one  investi- 
gated. 

>  Dr.  Martin  B.  Tinker  kindly  advised  on  this  method  of  anesthetising  rather 
than  a  general  anesthetic,  in  order  to  avoid  pneumonia  following  the  operation. 
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In  a  comparison  of  the  respiration  and  heart  rate  while  the  sheep  were 
standing  quietly,  it  was  found  that  in  the  four  cases  in  which  records  had 
been  kept  the  heart  rate  was  about  the  same  before  and  a  week  follow- 
ing the  operation.  The  respiratory  rate  was  in  every  case  from  4  to  10 
per  minute  less,  the  week  following  vagotomy. 

In  the  case  of  the  previously  severed  vagonaympathetic  nerve  trunk 
in  the  ewe  examined,  it  was  foimd  that  ligature  and  cutting  followed  by 
stimulation  of  the  peripheral  end  with  weak  and  strong  induced  current 
produced  no  effect  upon  the  heart  rate.  This  would  lead  to  the  con- 
clusion either  that  there  is  no  regeneration  of  the  efferent  autonomic 
fibers  of  the  vagus  in  the  sheep  or  that  regeneration  is  not  complete  in 
12  months. 

It  will  be  noted  that  in  figure  1  the  first  application  of  a  long-continued 
stimulus  to  the  peripheral  end  of  this  right  nerve  resulted  in  a  decrease 
in  pulse  pressure,  indicated  by  the  Htirthle  manometer.  No  change  of 
course  was  shown  by  the  mercury  manometer,  since  this  does  not  register 
pulse  pressure. 

It  might  be  possible  to  explain  the  results  of  Johansson  and  Tigerstedt 
(12)  in  which  they  found  that  stimulation  of  the  left  vagus  of  a  cat 
resulted  in  a  decreased  force  of  contraction  of  the  heart,  by  assuming  the 
presence  of  more  than  one  kind  of  fiber  in  the  vagus.  If  this  should  be 
true  in  the  sheep,  it  is  possible  that  complete  regeneration  of  this  type 
of  fiber  had  occurred  and  caused  the  decrease  in  pulse  pressure.  This 
explanation  is  rendered  rather  improbable  by  the  work  of  Erlanger  (13). 

It  is  more  probable  that  the  escape  of  this  strong  stimulus  to  surround- 
ing tissue  caused  a  momentary  increase  in  vasomotor  tonus  with  a 
resulting  decrease  in  pulse  pressure. 

Light  stimulation  of  the  peripheral  end  of  the  right  (normal)  severed 
vagus  shows  slowing  of  the  heart.  It  is  the  typical  picture  of  cardiac 
inhibition  with  vagus  escape  (see  fig.  2). 

The  fact  that  the  pneumograph  was  applied  around  the  abdomen 
would  render  questionable  the  assignment  of  explanations  for  the  pecu- 
liarities of  the  respiratory  curve  at  the  last  stimulation  of  the  left  vagus. 
It  would  be  so  easy  to  obtain  distorted  records  through  normal  fimc- 
tional  movements  of  the  abdominal  viscera. 

Upon  stimulation  of  the  peripheral  end  of  the  right  (normal)  vagus, 
there  is  a  drop  in  the  respiratory  curve.  This  drop  may  be  due  to  the 
sudden  motor  stimulation  of  the  stomach,  resulting  in  violent  contrac- 
tion with  consequent  traction  upon  the  diaphragm  at  the  cardia.  This 
would  increase  the  size  of  the  abdomen  by  visceral  compression,  giving 
this  type  of  curve. 
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It  will  be  noted  in  figure  2  that  there  was  a  distinct  slowing  and 
deepening  of  respiration  after  tying  the  first  ligature  on  the  right  (nor- 
mal) vagus  nerve.  Although  the  rate  increased  slightly  within  a  few 
minutes,  it  did  not  return  to  normal  during  the  course  of  the  experi- 
ment— ^about  3  hours,  nor  did  the  rate  increase.  This  would  indicate 
that  in  this  sheep  cutting  of  the  one  normal  vagus  and  functional  inaction 
of  the  other  showed  the  classical  respiration  picture  of  double  vagot- 


Fig.  2.  Blood  pressure  and  respiratory  tracings  during  stimulation  of   the 
peripheral  end  of  the  left  (normal)  vagus  nerve. 

omy,  despite  the  presence  of  the  tracheal  cannula.  This  must  be  con- 
trasted with  the  majority  of  results  as  reported  by  Schafer  (10)  for 
animals  of  some  other  species. 

CONCLUSIONS 

There  is  probably  no  functional  regeneration  of  the  autonomic  fibers 
in  the  right  vagus  nerve  of  the  sheep  within  a  12-month  period. 
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.  With  a  tracheal  cannula  mserted,  the  cutting  of  the  second  vagus 
nerve  gave  the  *' classical"  picture  of  respiration  rate  and  amplitude 
following  double  vagotomy. 

I  wish  to  thank  Dr.  Sutherland  Simpson  for  help  in  carrying  out  these 
experiments,  and  Mr.  B.  R.  Macmillan,  department  mechanician,  for 
assistance  with  the  apparatus.  I  also  wish  to  acknowledge  my  indebt- 
edness to  Mr.  S.  H.  Bassett  for  assistance  at  the  operations. 
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It  has  been  noticed  by  a  number  of  investigators  that  thyroid-feed- 
ing produces  certain  effects  upon  the  digestive  tract  of  animals.  Carl- 
son (1)  and  Farrant  (2)  observed  in  thyroid-fed  animals  diarrhea  and  a 
hemorrhagic  condition  of  the  intestines  in  spite  of  the  increase  in  appe- 
tite. Schafer  (9)  found  that  thjn-oid-feeding  causes  in  growing  white 
rats  an  increase  of  food-consumption  and  an  acceleration  of  bodily 
growth.  Hewitt  (4)  noticed  that  the  food-consumption  of  white  rats 
diminished,  when  comparatively  large  quantities  of  thyroid  were  given, 
while  on  the  contrary  comparatively  small  quantities  caused  the  ani- 
mals to  consume  more  food  and  gain  more  weight  in  body  than  normal. 
Marb6  (7)  observed  that  thyroid  administered  to  dogs  acted  as  a  stimu- 
lant to  the  secretory  action  of  the  intestinal  glands,  the  quantity  of  the 
intestinal  juice  secreted  increasing  markedly.  Niirenberg  (8)  fed 
iodo-thyro-globulin  to  dogs,  and  found  the  secretion  of  the  intestinal 
and  pancreatic  juices  accelerated  and  augmented  during  digestion  and 
for  a  while  after,  whereas  such  changes  were  not  shown  by  the  control 
animals,  which  were  fed  with  inorganic  iodine  compoimd.  A  hemor- 
rhagic condition  of  the  intestinal  mucous  membrane  appeared  in  these 
thyroid-fed  animals  at  the  same  time.  Kojima  (5)  found  in  the  pan- 
creas of  thyroid-fed  white  rats  morphogenetic  changes  indicative  of 
rapid  multiplication  of  the  gland-cells  and  at  the  same  time  consider- 
able diminution  of  the  zymogen-granules.  Determining  the  amylase- 
content  of  the  pancreas  in  thyroid-fed  white  rats  I  (3)  attempted  to 
investigate  the  changes  in  the  secretory  action  of  the  pancreas  result- 
ing from  thyroid-feeding.  And  I  observed  that  thyroid-feeding  re- 
sulted in  a  marked  decrease  of  amylase-content  of  the  pancreas. 
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In  view  of  Hewitt's  observations  of  the  changes  in  appetite  result- 
ing from  feeding  different  amounts  of  th3rroid,  however,  it  wa»  thought 
well  to  investigate  further  how  widely  different  efifects  upon  the  se- 
cretory action  of  the  pancreas  would  be  caused  by  different  doses  of 
thyroid,  administered.  Hence  in  the  present  investigation  white  rats 
of  nearly  similar  size  were  divided  into  a  number  of  groups  to  be  fed 
with  different  quantities  of  thyroid,  and  the  changes  of  the  secretory 
action  of  the  pancreas  resulting  from  thyroid-feeding  in  the  animals  of 
different  groups  were  compared  with  one  another. 

Method.  The  rats  employed  for  experiments  were  all  fully  grown 
ones  which  fed  on  mixed  bread  and  milk  in  equal  amounts  and  greens. 
They  were  kept  in  wire-net  cages,  being  separated  from  one  another. 
Thyroid  administered  was  desiccated  thyroid  powder  containing 
0.488  per  cent  of  iodine,  I  myself  made  from  fresh  ox  thyroid  glands, 
and  various  amounts  of  it — from  0.5  gram  to  0.03  gram  per  day  to 
each  animal — were  added  to  the  bread-and-nulk  mixture.  To  the 
control  animals  were  given  similar  amounts  of  desiccated  beef.  The 
efifects  of  thyroid-feeding  upon  the  general  conditions  of  the  animals 
were  observed  carefully,  viz.:  changes  of  body-weight,  general  be- 
havior, appetite,  excreta,  etc.  After  thyroid  was  fed  for  a  certain 
length  of  time,  the  animals  were  killed  by  chloroform  and  bled.  Im- 
mediately after  death  the  body-length  was  measured,  i.e.,  the  distance 
from  the  tip  of  the  nose  to  the  center  of  the  anus. 

The  pancreas  was  removed  in  one  piece,  freed  from  the  adjacent  tis- 
sues, weighed,  and  then  rubbed  in  a  mortar  with  fine  sand  and  saline 
solution.  The  mixture  was  rinsed  into  a  flask  with  more  saline  solu- 
tion, using  in  all  a  himdred  parts  by  volume  (cc.)  of  saline  solution  to 
one  part  by  weight  (gram)  of  gland  substance.  The  flask  was  plimged 
into  a  water-thermostat  at  38°C.  After  an  hour  the  mixture  was  fil- 
tered through  paper,  resulting  in  a  clear  or  slightly  opaque  solution. 
The  extract  of  pancreas  thus  obtained  was  used  for  determining  its 
amylase-content. 

The  small  intestine  in  its  entire  length  was  removed,  ligatures  being 
at  both  ends,  and  was  slit  up  with  a  pair  of  scissors.  Its  contents 
in  toto  were  removed,  weighed,  and  mixed  in  a  mortar  with  the  saline 
solution  in  the  proportion  of  one  part  by  weight  (gram)  of  juice  to 
ten  parts  by  volume  (cc.)  of  saline  solution.  The  mortar  containing 
the  mixture  was  set  in  an  ice-box  for  an  hour,  and  then  the  homogen- 
eous mixture  was  filtered  through  paper.  The  solution  of  intestinal 
juice  thus  obtained  was  used  for  determining  its  amylase-content.    The 
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saline  solution  used  was  the  physiological  saline  solution,  to  which  was 
added  one-fifteenth  part  of  the  solution  consisting  of  one  part  of  a 
nonnal  solution  of  acetic  acid  and  thirty-two  parts  of  a  normal  solution 
of  sodium  acetate. 

The  quantitative  determination  of  amylase  was  made  according  to 
Wohlgemuth's  method.  The  starch-solution  used  was  of  1  per  cent. 
It  was  made  of  Merck's  soluble  starch  instead  of  Kahlbaum's,  inasmuch 
as  the  former  had  proved  to  give  results  similar  to  those  of  the  latter. 
The  duration  of  digestion  was  limited  to  30  minutes,  so  that  the  spon- 
taneous deterioration  of  amylase  might  be  avoided  as  much  as  possible. 
As  for  formulating  the  results  obtained  by  this  test,  the  amylolytic 
activity  would  be  expressed  by  the  amount  (cc.)  of  1  per  cent  starch- 
solution  digested  by  1  cc.  of  ferment-solution  during  30  minutes  at  a 
temperatm'e  of  38®C.  In  order  to  indicate  the  quantity  of  amylase  in 
the  following  accounts  of  my  experiments,  the  unit  was  fixed  at  such  an 
amoimt  of  amylase  as  would  digest  1  cc.  of  1  per  cent  starch  solution 
completely  during  30  minutes  at  a  temperatm'e  of  38°C. 

Results.  The  amylase-content  of  the  pancreas  in  sixteen  normal, 
fully  grown,  male,  albino  rats  quoted  as  the  controls  was  determined 
quantitatively  to  be  as  following.  The  amount  of  amylase  per  1  gram 
of  gland  substance  varied  from  21,700  to  53,400  units,  and  averaged 
3O,90O  units.  The  amount  of  pancreas-amylase  per  100  mm.  of  body- 
length  ran  from  8,700  to  20,000  units,  and  that  per  100  grams  of  body- 
weight,  from  7,090  to  15,900  units,  the  average  being  13,300  and  11,400 
units  respectively.  The  amylase-content  of  the  pancreas  in  four  con- 
trol female  rats  (non-pregnant)  varied  from  20,800  to  50,000  units  per 
1  gram  of  gland-substance,  and  averaged  31,000  units;  the  amount  of 
pancreas-amylase  per  100  mm.  of  body-length,  from  10,740  to  18,500 
units,  the  average  being  13,300  units,  and  that  per  100  grams  of  body- 
weight,  from  9,790  to  23,750  units,  the  average  being  14,900  units. 

As  the  result  of  feeding  rats  comparatively  large  doses  of  thyroid — 
from  0.2  to  0.5  gram  of  desiccated  thyroid  daily  to  each,  viz.,  from 
0.08  to  0.21  gram  of  desiccated  thyroid  per  100  grams  of  body-weight — 
the  amylase-content  of  the  pancreas  both  in  the  males  and  in  the  fe- 
males was  notably  diminished.  In  the  majority  of  these  cases  the 
amylase-content  of  the  pancreas  was  found  to  have  decreased  far  be- 
yond the  lowest  limit  of  the  normal  variation  as  shown  by  the  control 
animals.  The  percentage  reduction  in  the  amoimt  of  amylase  per 
unit-weight  of  gland  substance,  viz.,  the  concentration  or  density  of 
amylase  in  the  gland  substance,  averaged  from  55  to  80  per  cent  in 
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TABLE  1 


The  average  amylase-conteni  and  the  average  weight  of  the  pancreas  in  the  thyroid-fed 
rats  grouped  according  to  dosage  of  thyroid 


LOT,  BEX 

NUMBER 

OF 

KATSIN 

BACH 

LOT 

IM 

6 

II  M 

2 

III  M 

2 

IV  M 

2 

VM 

4 

VII  M 

16 

VIII  M 

6 

IX  F 

5 

X  F 

4 

THTROID-FEEDING 


Doee 
per  day 


gratM 

0.5 


0.3 


0.2 


0.1 


0.03 


Average 
duration 
in  day 


11 


15 


112 


Controls 


0.3 


0.03 


11 


82 


Controls 


AVEB- 

AGE 

FINAL 

BODY 

LENGTH 


mm. 
200 


187 
198 
192 

198 

206 
190 

188 

191 


AVER- 
AGE 

FINAL 

BODY 

WEIGHT 

LENGTH 

RATIO 


0.96 
0.82 
1.10 
0.82 
1.00 

1.14 

0.88 

0.96 
0.95 


AVER- 
AGE 
LOW  OF 

BODY 
WEIGHT 

PER 
10  DAYS 


(-19) 
(-16) 
(-43) 
(-19) 
(-1) 

(-20) 
(-2) 


Average 

weight 

per 

100  mm. 
body 
length 


grtkmB 
0.388 
(-11) 

0.486 
(+11) 

0.410 

(-6) 

0.488 
(+11) 

0.457 

(+4) 

0.438 

0.620 

(+35) 

0.546 
(+19) 

0.457 


Average  amylase 
content 


Per 

I  gram 

gSand 

suDBtance 


13,300 

(-57) 

6,300 

(-80) 

13,900 

(-55) 

33,300 

(+8) 

30,900 

(±0) 

30,900 

12,600 
(-59) 

32,400 

(+4) 

31,000 


Per 

100  mm. 
body 
length 


5,600 
(-58) 

3,100 

(-77) 

5,800 

(-57) 

16,100 

(+21) 

14,400 

(+8) 

13,300 

8,000 
(-39) 

18,100 

(+37) 

13,200 


*  The  unit  of  quantity  of  amylase  is  fixed  at  such  an  amount  of  amylase  as 
would  digest  1  cc.  of  1  per  cent  starch  solution  completely  during  30  minutes 
at  a  temperature  of  SS^C. 

The  figures  in  brackets  indicate  the  percentage  differences  from  the  control 
values. 

each  lot.  In  the  extreme  case,  the  decrease  amounted  to  about  95 
per  cent  of  the  average  amylase-content  as  shown  by  the  controls,  and 
to  94  per  cent  of  the  low  limit-value  of  the  controls.  The  amount  of 
pancreas-amylase  per  100  mm.  of  body-length  or  per  100  grams  of  body- 
weight  was  similarly  reduced,  most  of  the  figures  obtained  for  those 
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being  far  lower  than  the  lowest  figure  given  by  their  controls.  Since 
thyroid-feeding  interfered  considerably  with  the  normal  gain  of  body- 
weight  in  these  cases,  the  comparison  of  the  amoimt  of  amylase  per 
unit  of  body-length  probably  gives  a  more  exact  figure  of  the  changes 
which  took  place  than  a  comparison  in  terms  of  body-weight  does. 
The  percentage  decrease  in  the  average  amount  of  pancreas-amylase 
per  100  mm.  of  body-length  obtained  for  each  lot  varied  from  39  to 
77  per  cent  of  the  control  value.  In  the  extreme  case  the  reduction  was 
95  per  cent  of  the  average  control  value,  and  92  per  cent  of  the  lowest 
control  value. 

On  the  other  hand,  the  majority  of  the  animals  that  had  received 
greatly  reduced  amounts  of  thyroid — each  0.1  gram  of  desiccated  thy- 
roid daily  (0.05  gram  per  100  grams  of  body-weight)  or  each  0.03 
gram  of  desiccated  thyroid  on  alternate  days  (from  0.010  to  0.033  gram 
and  from  0.013  to  0.020  gram  per  100  grains  of  body-weight  in  the  males 
and  in  the  females  respectively) — showed  a  tendency  to  have  an  abun- 
dance of  amylase  stored  in  the  pancreas,  although  none  of  them  showed 
greater  values  than  the  highest  limit  of  the  normal  fluctuations  as  shown 
by  the  controls.  The  average  amounts  of  pancreas-amylase  per  100 
mm.  of  body-length  for  these  lots  were  larger  than  the  averages  of  the 
corresponding  controls  by  from  8  to  37  per  cent.  Since  the  amounts 
of  amylase  per  unit-weight  of  gland  substance,  viz.,  amylase-concen- 
tration  on  the  gland  substance,  in  these  cases,  were  not  at  all  or  only 
slightly  increased — on  the  average  from  4  to  8  per  cent — these  increases 
of  amylase  in  the  pancreas  of  these  animals  must  be  attributed  in  no 
small  degree  to  the  enlargement  of  the  gland  (hypertrophy),  which  had 
been  caused  by  th3rroid-feeding.  The  weight  of  the  glands  per  100  mm. 
of  body-length  in  these  thyroid-fed  rats  averaged  from  4  to  19  per  cent 
higher  than  those  of  their  controls. 

For  the  purpose  of  making  the  nature  of  the  changesin  the  secretory 
action  of  the  pancreas  more  obvious,  I  further  made  use  of  the  results 
obtained  in  determining  the  amylase-content  of  the  intestinal  juice. 
As  is  generally  known,  the  amylase  contained  in  the  intestinal  juice, 
or  at  least  the  largest  part  of  it,  originates  in  the  pancreas-secretion. 
In  all  mammals  the  pure  intestinal  juice  obtained  from  isolated  loops 
of  the  small  intestine  contains  invertase,  maltase  and  occasionally 
lactase,  but  no  amylase  at  all.  Throughout  the  entire  alimentary 
canal  amylase  is  provided  by  no  digestive  fluid  except  saliva  and  the 
pancreatic  juice.  And  as  stated  by  Langley  (6),  the  salivary  amylase 
is  destroyed  eventually  by  the  hydrolic  acid  contained  in  the  gastric 
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juice,  0.003  per  cent  hydrolic  acid — approximately  pH  =  3 — being 
sufficient  to  destroy  the  salivary  amylase.  Hence  it  may  be  claimed 
that  an  increase  or  decrease  in  the  amoimt  of  intestinal  amylase  indi- 
cates an  increase  or  decrease  in  the  amount  of  amylase  given  by  the 
pancreas,  provided  H-ion  concentration  of  the  gastric  juice  be  higher 
than  pH  =  3,  strong  enough  to  destroy  the  salivary  amylase  before  it 
enters  into  the  duodenum. 

TABLE  2 

The  average  amylase-conteni  of  the  pancreas  and  that  of  the  intestinal  juice  in  the 
thyroid-fed  rats  grouped  according  to  dosage  of  thyroid 
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$ 
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content  per 
100  mm.  body 
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'4 

Hi 

1 

< 

grams 
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» 

0m». 

pH 

I  M 

2 

0.3 

11 

183 

(-18) 

0.486 

(+8) 

6,300 

(-80) 

3,100 

(-76) 

0.368 

(+26) 

118 
(-53) 

2.5 

35 

II  F 

2 

0.3 

17 

186 

(-19) 

0.767 

(+70) 

16,800 

(-45) 

12,100 

(-8) 

0.450 

(+55) 

580 

(+129) 

0.5 

15 

III  M 

2 

0.2 

5 

198 

(-17) 

0.416 

(-7) 

13,500 

(-56) 

5,600 

(-68) 

0.530 

(+82) 

338 

(+46) 

1.6 

2.0 

IV  M 

V  MF 

2 
6 

0.1 
Coni 

14 
brols 

192 
207 

(-27) 

0.489 
(+9) 
0.450 

33,300 

(+8) 
30,800 

16,000 
(+21) 
13.200 

0.748 

(+156) 

0.291 

1,090 

(+331) 

253 

2.3 
4.0 

3  0 
2.5 

See  the  foot-note  of  table  1. 

In  the  normal  albino  rats,  when  the  stomach  was  filled  with  a  fair 
amount  of  food  and  the  small  intestine  with  much  turbid  and  thick 
chyme,  i.e.,  at  the  period  of  intestinal  digestion,  the  amount  of  amylase 
contained  in  the  chyme  present  throughout  the  entire  length  of  the 
small  intestine  varied  from  144  to  433  units,  and  averaged  253  units 
per  100  nam.  of  body-length. 

Among  the  thyroid-fed  rats,  observed  under  conditions  similar  to 
those  of  the  controls,  two  males  receiving  0.3  gram  of  desiccated  thy- 
roid daily  for  8  and  13  days  respectively,  showed  fair  reductions  in 
the  amounts  of  intestinal  amylase,  one  of  which  was  obviously  lower 
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than  the  minimum  limit  of  nonnal  variations  as  shown  by  the  con- 
trols. The  amounts  of  amylase  contained  in  the  pancreases  of  these 
two  animals  were  found  to  be  below  the  minimum  limit  of  the  nonnal 
fluctuations,  both  per  unit-weight  of  gland  and  per  100  mm.  of  body- 
length.  It  is  evident  that  the  secretory  action  of  the  pancreas  was 
severely  impaired  in  the  above  cases. 

On  the  other  hand  two  male  rats  receiving  0.1  gram  of  desiccated 
thyroid  daily  for  10  and  17  days  respectively  showed  tremendous  in- 
creases in  the  amylase-content  of  the  intestinal  juice.  The  amounts 
of  the  intestinal  amylase  per  100  mm.  of  body-length  were  notably 
larger  than  the  maximum  amount  shown  by  the  controls,  and  averaged 
over  300  per  cent  higher  than  the  average  of  the  controls.  The  amy- 
lase-content of  the  pancreas  in  these  animals  was  found  within  the 
limits  of  the  normal  variations  as  shown  by  the  controls,  although  the 
average  from  these  was  a  little  higher  than  the  control  value.  Such 
changes  of  the  amylase-content  of  the  pancreas  by  themselves  indi- 
cate merely  that  there  might  be  tendency  toward  an  increase  in  the 
secretory  action  of  the  pancreas,  but  the  increase  of  the  pancreas-amy- 
lase  is  too  small  to  prove  that  the  secretory  action  of  the  gland  was  in- 
creased enormously  as  the  result  of  thyroid-feeding.  Judging  from  the 
results  of  determining  the  amylase-content  of  the  intestinal  juice, 
however,  it  is  evident  that  there  was  a  decided  hyperfunction  of  the 
pancreas  in  the  above  cases. 

Another  interesting  result  was  obtained  in  two  male  rats  receiving 
0.2  gram  of  desiccated  thyroid  daily  for  3  and  6  days  respectively,  and 
two  females  receiving  0.3  gram  of  desiccated  thyroid  daily  for  15  days 
and  19  days  respectively.  In  the  former  two  animals  there  were  fair 
decreases  in  the  amylase-content  of  the  pancreas — below  the  limit  of 
normal  variations — but  the  amylase-content  of  the  intestinal  juice  was 
by  no  means  decreased,  but  was  found  to  be  within  the  limits  of  normal 
variations.  The  evidence  that  the  intestinal  juice  contained  a  nonnal 
amoimt  of  amylase  argues  that  the  pancreas  had  been  giving  out  into 
the  intestine  as  much  amylase  as  normal,  although  in  the  pancreas 
itself,  when  examined,  was  found  very  little  amylase  stored  up.  The 
most  reasonable  interpretation  of  the  above  changes  would  be  that  the 
gland  was  temporarily  exhausted  in  its  secretory  action,  after  it  had  been 
functioning  vigorously  at  the  period  of  intestinal  digestion.  Now  in 
the  animals  of  the  latter  group  the  amylase-content  of  the  intestinal 
juice  was  found  to  be  rather  markedly  increased,  even  by  a  hundred 
per  cent  of  the  control  value  in  spite  of  a  considerable  reduction  in  the 
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amylase-content  of  the  pancreas.  These  changes  suggest  that  the 
pancreas  was  exhausted  in  its  function  of  producing  amylase,  after  it 
had  been  producing  and  sending  out  larger  amounts  of  amylase  into  the 
intestine  than  normal.  The  pancreas  of  these  animals  seems  capable 
of  meeting  the  demand  on  the  part  of  the  digestive  tract  for  digestive 
ferments  with  an  increased  secretion,  but  it  is  soon  exhausted,  i.e.,  it 
is  in  a  condition  of  increased  secretory  activity  associated  with  in- 
creased exhaustibility. 

From  the  above  evidences  we  may  infer  that  feeding  animals  cer- 
tain small  amounts  of  thyroid  induces  a  profitable  increase  in  secretory 
action  of  the  pancreas  and  causes  the  gland  to  produce  and  send  out 
greater  amounts  of  digestive  ferments  than  normal,  but,  if  the  dose  of 
thyroid  is  increased  beyond  a  certain  limit,  the  gland  is  impaired,  so 
that  it  cannot  meet  successfully  the  demand  of  the  digestive  tract  for 
the  ferments.  And  we  may  further  assume  that  feeding  certain  inter- 
mediate amounts  of  thyroid  changes  the  secretory  action  of  the  pan- 
creas, so  that  the  demand  of  the  digestive  tract  for  increased  quantities 
of  ferments  may  be  met  by  the  gland  for  a  while  successfully,  but  the 
pancreas  itself  will  be  easily  exhausted  in  the  process. 

SUMMARY 

Feeding  animals  comparatively  large  quantities  of  thyroid  inter- 
feres notably  with  the  secretory  action  of  the  pancreas,  but  on  the  con- 
trary feeding  comparatively  small  quantities  causes  a  fair  increase  in 
that  function. 
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In  my  previous  experimental  researches  into  the  effect  of  thyroid- 
feeding  upon  the  secretory  action  of  the  pancreas,  I  (3)  ascertained  that 
feeding  comparatively  small  amounts  of  thyroid  causes  an  increase  in 
the  secretory  action  of  the  pancreas  of  albino  rats,  whereas  compara- 
tively large  amounts  of  thyroid  induce  rather  a  decrease  in  the  same. 
Now  the  question  arises:  Does  the  active  principle  of  thyroid  gland 
in  the  normal  condition  of  the  animal-organism  also  act  as  a  hormone 
or  an  excitatory  autacoid  (6),  increasing  the  rate  of  the  action  of  the 
pancreas  so  as  to  maintain  its  normal  secretory  function?  Do  such 
amounts  of  thyroid-autacoid  as  are  passed  by  the  normal  gland  into 
the  general  blood-circulation  exert  an  excitatory  effect  iipon  the  secre- 
tory action  of  the  pancreas?  In  solution  of  this  problem,  we  need 
additional  evidence  to  support  the  above  data  derived  from  the  ex- 
periments in  thyroid-feeding,  inasmuch  as  many  poisonous  agents  act 
as  a  stimulus  to  various  physiological  functions  of  the  animal-organism 
when  administered  in  very  small  doses,  but  are  injurious  when  given  in 
larger  amounts.  In  order  to  establish  the  point  in  question,  we  must 
resort  first  to  another  method  usually  employed  by  investigators  for  the 
purpose  of  determining  the  fimction  of  the  endocrine  organs,  viz.,  ob- 
servation of  the  changes  in  the  secretory  action  of  the  pancreas  result- 
ing from  the  surgical  removal  of  the  thyroid  gland.  If  the  active 
principle  of  the  thyroid  gland  promotes  the  secretory  action  of  the 
pancreas  even  in  the  normal  condition  of  the  animal,  it  may  be  expected 
that  the  absence  of  the  thyroid  gland  would  lead  to  an  impairment  of 
that  action.  The  following  experiments  were  made  to  ascertain  the 
effect  of  thyroidectomy  upon  the  secretory  action  of  the  pancreas. 
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Albino  rats  were  employed  for  the  experiments.  The  dietetic  and 
environmental  conditions  of  the  animals  during  the  experiments  and 
the  methods  of  determining  the  secretory  action  of  the  pancreas  were 
altogether  identical  with  those  of  my  previous  experiments.  The  thy- 
roid glands  were  removed  without  anesthesia  after  keeping  the  animals 
for  at  least  2  weeks  under  the  same  dietetic  conditions  as  those  following 
the  operation.  When  the  parathyroids  were  found  Ijdng  on  the  surface 
of  the  thyroid  glands,  these  were  removed  and  grafted  deep  in  the  opera- 
tive wounds.  The  wounds  usually  healed  without  suppuration  with- 
in 2  days.  Thyroidectomized  animals  were  killed  at  various  periods 
after  the  operation,  and  the  absence  of  the  thyroid  glands  was  verified 
by  naked  eye.  When  any  formations  simulating  thyroid  glands  were 
discovered,  these  were  examined  microscopically. 

The  first  series  of  experiments  was  performed  on  albino  rats  of  four 
litters.  Some  of  the  operated  ones  showed  symptoms  of  tetania  para- 
thyreopriva  which  usually  •appeared  2  or  3  days  after  the  operation, 
stiffness  and  quivering  of  the  limbs,  and,  occasionally,  rapid,  gasping 
respirations.  Such  animals  died  eventually,  usually  within  5  days. 
Only  one  of  these  lived  as  long  as  18  days,  when  it  was  killed.  A  large 
number  of  the  animals  was  lost  after  the  removal  of  their  thyroid  glands 
without  exhibiting  tetany,  so  that  only  seven  were  available  for  meas- 
uring the  secretory  action  of  the  pancreas.  These  animals  were  killed 
15  and  17  days  respectively  after  the  operation.  The  thyroidectomized 
adult  animals  appeared  to  be  entirely  normal  in  the  secretory  action  of 
the  pancreas  as  well  as  in  their  general  condition,  no  difference  from 
their  controls  being  evident.  Among  young  adult  animals  the  thy- 
roidectomized one  lost  not  a  little  of  its  body-weight,  but  its  pancreas 
was  apparently  normal  in  its  secretory  action.  In  one  rat  which  had 
exhibited  the  symptoms  of  chronic  tetany,  the  pancreas  and  the  in- 
testinal juice  contained  fair  amounts  of  amylase. 

Judging  from  the  results  of  the  above  experiments  made  on  animals 
killed  as  late  as  15  or  17  days  after  the  removal  of  their  thyroids,  we  are 
forced  to  conclude  that  the  lack  of  thyroid  secretion  does  not  induce 
any  changes  in  the  secretory  fimction  of  the  pancreas.  Cramer  and 
M'Call  (2)  in  their  investigations  of  the  effect  of  thyroidectomy  in 
albino  rats  on  the  gaseous  metabolism,  ascertained  that  the  metabolism 
after  removal  of  the  thyroid  glands  passes  through  two  stages:  At 
first,  there  is  a  reduction  of  the  metabolism  which  is  still  reduced  in  the 
second  week  after  the  operation;  and,  later,  an  increased  metabolism, 
produced  probably  by  way  of  compensation.    They  regarded  it  as 
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reasonable  to  restrict  the  term  *' experimental  hypo-thyroidism"  to  the 
early  period  in  which  the  metabolism  is  reduced,  as  is  usually  seen  in 
the  pathological  hypo-thyroidism  of  human  subjects.  If  such  a  com- 
pensatory arrangement  can  be  brought  about  so  soon  after  the  removal 
of  the  thyroid  glands  in  albino  rats,  as  demonstrated  by  the  above 
investigators,  then  the  results  of  my  first  series  of  experiments,  as  de- 
scribed above,  are  of  little  value  in  determining  the  changes  in  the  se- 
cretory action  of  the  pancreas  due  to  the  absence  of  thyroid  secretion 
because,  in  order  to  meas\u*e  the  secretory  action  of  the  pancreas,  the 
animals  in  the  above  experiments  were  killed  more  than  15  days  after 
the  removal  of  their  thyroid  glands,  by  which  time  the  compensatory 
adjustment  for  the  loss  of  the  thyroid  glands  would  ahready  have  been 
made. 

Hence  in  the  second  series  of  experiments  the  animals  were  killed 
at  earUer  periods  as  well  as  at  later  periods  after  thyroidectomy,  one  of 
these  being  killed  as  early  as  2  days  after  the  operation,  when  the  wounds 
had  just  healed.  The  animals  employed  were  all  fully  grown  male 
albino  rats,  taken  from  closely  related  litters  of  the  same  strain.  After 
the  operation  comparatively  few  animals — ^about  20  per  cent  of  the 
operated  ones — suffered  so  severely  from  the  operation  itself  as  to  be 
incapable  of  taking  food  properly  on  a  subsequent  day.  The  majority — 
55  per  cent — lost  their  appetite  rather  later  on  the  third  day  after  the 
operation,  when  the  wounds  had  completely  healed.  Nearly  at  the 
same  period  the  animals  became  slightly  inactive  in  general  behavior. 
In  none  of  these  thyroidectomized  animals,  killed  within  13  days  after 
the  operation,  were  thyroid  glands  found  to  be  regenerated.  But  the 
animals,  if  killed  more  than  15  days  after  the  thyroidectomy,  exhibited 
in  the  neighborhood  of  the  larynx  small  round  or  oval  bodies  that  were 
about  J  to  i  of  the  normal  thyroid  gland  in  size  and  consisted  of  tissue 
quite  similar  to  that  of  the  normal  thyroid  glands.  It  was  not  cer- 
tain whether  the  appearance  of  these  formations  was  due  to  the  regenera- 
tion of  the  gland  tissue  from  the  remnants  of  the  removed  glands,  or 
hyperplasia  of  the  accessory  glands. 

As  to  the  secretory  action  of  the  pancreas,  only  the  results  obtained 
in  the  second  series  of  the  experiments  were  shown  in  the  table.  In 
an  animal  killed  2  days  after  the  operation,  when  the  wound  had  just 
healed,  the  amylase-content  of  the  pancreas  as  well  as  of  the  intestinal 
juice  was  foimd  to  be  quite  large.  In  two  animals  killed  3  days  after 
thyroidectomy  the  secretory  action  of  the  pancreas  was  found  to  be 
considerably  reduced,  one  especially  of  these  showing  the  amylase- 
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content  of  both  the  pancreas  and  the  intestinal  juice  to  be  clearly  less 
than  the  least  shown  by  the  controls.  An  animal  killed  at  the  end  of 
the  first  week  exhibited  similarly  a  fair  reduction.    Comparing  the 
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The  unit  of  quantity  of  amylase  is  fixed  at  such  an  amount  of  amylase  as  would 
digest  1  cc.  of  1  per  cent  starch  solution  completely  during  30  minutes  at  the  tem- 
perature of  38  °C. 

The  figures  in  brackets  indicate  the  percentage  differences  from  the  control 
values. 

average  amylase-content  of  the  pancreas  and  the  intestinal  juice  in 
all  the  animals  killed  within  a  week  after  thyroidectomy,  with  that  in 
their  proper  controls,  the  reduction  was  estimated  as  of  49  and  37  per 
cent  respectively. 
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In  four  animals  killed  in  the  second  week  after  thyroidectomy,  the 
amylase-content  of  the  pancreas  was  found  to  be  within  the  limits  of 
normal  fluctuations  as  shown  by  their  controls,  and  the  average  figure 
differed  but  little  from  that  of  their  controls.  We  may  assume,  how- 
ever, that  there  was  a  fair  reduction  in  the  secretory  action  of  the  pan- 
creas, for  it  was  foimd  that  the  amylase-content  of  the  intestinal  juice 
tended  to  decrease  in  the  thyroidectomized  animals,  and  the  average 
was  less  by  31  per  cent  than  that  of  the  controls. 

In  three  animals  killed  the  third  week  after  thyroidectmy,  the  amy- 
lase-content of  the  pancreas  and  the  intestinal  juice  was  foimd  to  be 
somewhat  larger  than  that  of  their  proper  controls.  As  these  animals 
all,  however,  exhibited  regenerated  thyroid  glands  in  the  place  of  the 
removed  ones,  it  need  hardly  be  pointed  out  that  the  observation  of  the 
secretory  action  of  the  pancreas  in  such  animals  can  give  us  little  in- 
formation concerning  the  changes  due  to  the  absence  of  the  thyroid- 
secretion. 

The  changes  resulting  from  the  absence  of  the  thyroid-secretion  should 
be  expected  only  at  an  early  period  within  2  weeks  after  the  removal 
of  the  thyroid  glands,  when  no  compensatory  adjustment  has  yet  been 
made.  The  average  amylase-content  of  the  pancreas,  per  unit-weight 
of  the  gland  as  well  as  per  100  mm.  of  body-length,  in  all  the  thyroidec- 
tomized animals,  killed  within  2  weeks  after  the  operation,  was  less 
than  that  in  their  controls  by  about  26  per  cent.  The  average  amount 
of  intestinal  amylase  per  100  mm.  of  body-length  in  the  same  thyroid- 
ectomized animals  was  less  by  35  per  cent  than  that  in  their  controls. 

Summary.  The  removal  of  the  thyroid  glands  in  albino  rats  causes 
a  decrease  in  the  secretory  action  of  the  pancreas,  the  change  being 
evident  within  2  weeks  after  the  operation,  when  no  compensatory 
mechanism  for  the  lost  glands  has  yet*  been  evolved. 

CONCLUSION 

Siunming  up  all  the  evidences  that  I  have  been  able  to  obtain  in  the 
course  of  my  investigations  into  the  effect  of  thyroid-feeding  as  well  as 
thyroidectomy  upon  the  secretory  action  of  the  pancreas,  I  may  state 
the  following  conclusions:  The  secretory  action  of  the  pancreas  varies 
considerably  according  to  the  amounts  of.  thyroid-secretion  circulating 
in  the  body.  A  moderate  augmentation  of  the  thyroid-secretion  in  the 
body  provokes  the  hyper-functioning  of  the  pancreas,  whereas  a  lack 
of  the  thyroid  secretion  induces  a  reduced  activity  of  the  gland.  As 
to  the  part  played  by  the  thyroid-secretion  in  the  normal  functioning 
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of  the  pancreas,  we  may  infer  that  the  thyroid-secretion  acts  as  an 
excitatory  autacoid  upon  the  pancreas  in  maintaining  its  normal 
activity. 

Further  investigations  must  decide  the  question  how  the  excitatory 
effect  of  the  thyroid-autacoid  upon  the  secretory  action  of  the  pan- 
creas differs  from  that  of  secretin  which  has  generally  been  regarded  as 
an  excitatory  hormone  acting  as  a  specific  stimulus  to  the  pancreas- 
cells — Bayliss  and  Starling  (1).  It  has  long  been  a  generally  accepted 
theory  that  the  thyroid-secretion  acts  as  a  stimulus  to  oxidation.  Fur- 
thermore, according  to  Herring  (4),  the  thyroid-secretion  stimulates 
the  suprarenal  glands  and  causes  them  to  produce  increased  amounts  of 
adrenalin.  Koopman  (5),  moreover,  found  that  the  thyroid-autacoid 
can  cause  an  increased  formation  of  antibody  in  the  serum.  A  similar 
excitatory  effect  we  see  now  in  its  action  upon  the  secretory  function  of 
the  pancreas.  In  view  of  these  evidences,  it  may  be  concluded  that  the 
thyroid  hormone  does  not  act  as  a  specific  stimulus  to  a  particular  organ 
or  a  particular  physiological  function,  as  does  the  secretin  to  the  secre- 
tory fimction  of  the  pancreas,  but  that  it  probably  acts  as  a  non-specific 
stimulus  generally  upon  various  physiologic  functions  of  the  animal- 
organism. 

The  experimental  work  was  done  in  the  laboratory  of  Professor 
Miura's  Clinic.  I  am  much  indebted  to  him  for  his  care  and  super- 
vision. My  hearty  thanks  are  due  to  Prof.  M.  Kojima  (in  the  Naval 
Medical  Academy)  for  his  help. 
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In  contrast  to  the  brilliant  successes  that  science  has  won  in  the 
study  of  nitrogen  equilibrium,  there  is  a  rather  discouraging  incon- 
clusiveness  in  the  work  that  has  been  done  on  the  factors  that  regulate 
the  nutritive  balance  of  the  fat  tissue  of  the  body,  and  the  balance 
between  the  total  intake  and  total  output  of  potential  and  kinetic 
energy  in  the  adult  warm-blooded  organism.  We  do  not  yet  know  what 
mechanism  there  is  to  prevent  the  imlimited  accmnulation.of  potential 
energy  in  the  form  of  an  overload  of  adipose  tissue.  Is  nerve  regula- 
tion through  changing  appetite  the  only  guide,  or  does  the  body  vary 
its  destruction  of  fats  and  carbohydrates  in  accordance  with  their 
fluctuating  intake,  somewhat  after  the  manner  that  it  varies  its  nitrogen 
exchange? 

The  best  road  to  a  true  solution  is  probably  in  a  study  of  selected 
contrasting  individuals  of  the  over-fat  and  imder-fat  body  habits, 
or  better  still,  of  the  easily  fattening  and  difficultly  fattening  types. 

The  problem  was  first  drawn  to  my  attention  by  observation  of 
myself,  and  the  experiments  here  reported  were  performed  upon  myself 
as  a  selected  example  of  the  ''spare"  or  apparently  non-fattening 
type.  I  had  long  noted  my  inclination  toward  a  very  copious  diet  of 
predominantly  starchy  nature,  in  spite  of  which  my  weight  remained 
fairly  constant,  even  on  a  moderate  roimd  of  activity,  at  a  figure  well 
below  the  average  for  my  stature.  If  the  hereditary  constitution  is 
important  in  this  connection,  such  family  data  as  I  possess  seem  to 
indicate  that  I  am  derived  largely  from  non-fattening  strains. 

It  has  long  been  recognized  that  food  intake  has  a  powerful  effect  on 
the  rate  of  oxidation  in  the  body.  In  the  case  of  protein  food,  Rubner 
(1)  distinguishes  two  such  effects.  The  first  of  these  is  the  oft  dis- 
cussed specific  dynamic  effect.    The  second  is  a  change  which  appears 
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more  gradually,  and  is  explained  by  him  as  a  stimulus  from  plethora 
of  nitrogenous  products  in  the  cell  fluids.  The  specific  dynamic  effect 
occurs  equally  in  well-fed  and  badly-fed  animals,  and  so  it  cannot 
function  as  a  safety  valve  for  excessive  intake.  But  the  secondary  or 
plethora  efifect  may  very  well  so  fimction.  According  to  Rubner,  this 
effect  shows  itself  as  a  cmnulative  increase  in  the  specific  dynamic 
efifect  of  heavy  protein  meals,  when  they  are  administered  on  a  series 
of  days.  He  states  that  in  spite  of  its  cmnulative  character,  this 
secondary  efifect  is  not  in  evidence  during  the  hom*s  when  no  food  is 
being  absorbed.  Consequently  a  dog  that  has  been  over-fed  in  this 
manner  shows  no  change  in  its  basal  metabolic  rate,  as  ordinarily 
determined  on  an  empty  stomach  (p.  260,  loc.  cit.). 

Similar  results  are  reported  by  Dengler  and  Meyer  (2)  in  their 
study  of  the  basal  metabolism  of  a  man  who  was  over-fed  with  protein. 
They  foimd  the  basal  rate  changed  to  a  surprisingly  slight  degree  as  a 
result  of  nitrogen  accimiulation,  and  hence  conclude  that  the  excess  of 
stored  nitrogen  was  in  a  non-stimulating  form. 

A.  Muller  (3),  in  tests  on  a  young  man,  found  that  the  secondary 
rise  on  a  high  protein  diet  develops  rapidly,  before  much  nitrogen 
storage  can  have  occurred,  and  then  fails  to  keep  pace  with  the  stored 
nitrogen,  and  is  at  best  trivial  in  proportion  to  the  quantity  of  nitro- 
gen that  is  finally  accimiulated.  So  he  does  not  look  upon  this 
heightened  catabolism  as  a  result  of  the  stored  nitrogen. 

Grafe  and  Koch  (4)  experimented  upon  persons  who  entered  a  clinic 
in  an  extremely  imder-nourished  condition.  The  two  principal  subjects 
were  both  put  through  a  heavy  feeding  period  of  7  weeks'  duration  to 
bring  them  back  to  normal  weight.  There  resulted  a  very  notable 
increase  in  the  gaseous  exchange.  Thus  the  adult  subject,  at  the 
initial  weight  of  40.3  kgm.,  showed  a  basal  metabolism  of  1081  cal. 
(26.8  cal.  per  kgm.)  and  a  dynamic  efifect  from  eating  a  meal  equal  to  24 
per  cent  of  the  calorie  value  of  the  meal.  Seven  weeks  later  at  a 
weight  of  60  kgm.,  the  basal  metabolism  had  risen  to  1946  cal.,  (32.3  cal. 
per  kgm.)  and  the  dynamic  effect  had  risen  to  32  per  cent  of  the  fuel 
value  of  the  meal.  Most  of  the  gain  in  basal  metabolism  occurred 
near  the  middle  of  the  experiment.  Although  it  appeared  less  rapidly 
than  in  Miillcr's  experiment,  it  was  of  greater  magnitude.  The  tests 
of  the  dynamic  efifect  of  the  mixed  diet  fluctuated  widely,  and  cannot 
be  easily  interpreted. 

Atkinson  and  Lusk  (5)  experimented  along  lines  similar  to  those 
followed  by  Rubner,  but  by  over-feeding  to  a  greater  extreme  were 
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able  to  report  that  prolonged  and  excessive  meat  diet  can  cause  a 
rise  of  the  dog's  basal  metabolism  which  lasts  for  as  much  as  two  and 
one-half  weeks  after  the  special  diet  is  ended.  For  their  case,  then, 
they  conclude  that  the  excess  nitrogen  was  accumulated  in  a  stimu- 
lating form. 

The  converse  to  the  idea  of  increased  or  spendthrift  oxidation  during 
over-nourishment,  is  the  idea  of  an  especially  economical  oxidation 
during  under-nutrition. 

Anderson  and  Lusk  (6)  studied  the  respiration  and  the  treadmill 
efficiency  of  a  dog  working  with  empty  stomach,  with  definite  meals, 
and  during  a  prolonged  fast.  Among  other  things  it  was  found  that 
the  markedly  lowered  basal  metabolism  of  the  fasting  period,  with 
its  economy  of  nourishment,  carried  over  into  the  period  immediately 
following  the  fast.  Eighteen  hours  after  the  first  liberal  meal  the 
metabolism  was  at  essentially  the  same  base  level  as  during  the  fast, 
showing  that  the  total  condition  of  the  body,  and  not  the  question  of  a 
large  or  small  influx  of  food  on  the  previous  day,  determined  the  height 
of  the  basal  metabolism.  It  is  thus  to  be  noted  that  this  dog  showed  a 
persistent  economy  of  metabolism  after  a  period  of  fasting,  comparable 
to  the  period  of  wasteful  metabolism  which  Atkinson  and  and  Lusk's 
dog  showed  subsequent  to  a  course  of  over-feeding. 

The  period  of  the  World  War  has  brought  out  a  series  of  papers  on 
gaseous  metabolism  during  prolonged  under-nutrition.  Zuntz  and 
Loewy  (7),  (8),  who  have  a  series  of  records  of  their  basal  metabolism 
since  1888,  studied  the  effect  on  themselves  of  eating  the  German  war 
ration,  practically  without  any  of  the  additions  that  free  use  of  money 
could  furnish.  On  this  diet,  which  was  inadequate  in  fuel  value,  and 
especially  deficient  in  protein,  they  report  in  the  case  of  Zuntz  a  10  per 
cent  fall  of  basal  metabolism  below  the  previous  average,  and  in  the 
case  of  Loewy  a  fall  of  16  per  cent.  This  decrease  is  reported  in  terms 
of  calories  per  day  per  square  meter  by  the  -Meeh  formula.  The 
more  accurate  DuBois  formula  would  show  even  greater  percentage 
changes  in  rate.  Muscular  efiiciency  on  the  treadmill  had  gone  down 
in  comparison  to  previous  tests. 

F.  G.  Benedict,  Miles,  Roth  and  Smith  (9)  worked  on  the  metabolism 
of  volunteer  squads  of  young  men  during  experimental  under-nutrition 
which  covered  three  months  of  low  diet.  They  found  a  very  remarkable 
fall  in  the  total  fuel  needs.  Starting  at  an  unknown  high  level  which 
was  above  3000  cal.,  and  may  have  been  as  high  as  3800  cal.,  they  were 
finally  able  to  hold  their  weight  constant  on  an  average  net  intake  per 
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person  of  1950  cal.,  the  fecal  and  urinary  calories  being  estimated  and 
deducted.  Meanwhile  there  had  been  a  notable  loss  of  nitrogen, 
130  grams  previous  to  the  first  serious  interruption  (at  Christmas) 
and  further  losses  to  the  end  of  the  experiment.  The  basal  metaboliffln 
fell  from  an  average  of  1686  cal.  at  the  start  to  1367  cal.  at  the  lowest 
point,  or  from  940  per  sq.  m.  to  788  per  sq.  m.  Thus  the  absolute 
figures  fell  20  per  cent  and  the  rate  per  square  meter  came  down  16  per 
cent.  A  remarkable  slowing  of  the  pulse  accompanied  this  change. 
Efiiciency  in  the  tests  of  mechanical  work  was  not  impaired.  The 
authors  ascribe  the  changes  to  the  withdrawal  of  the  influence  of  dis- 
pensable nitrogen  from  the  body,  and  argue  that  no  great  inroads  had 
been  made  on  the  essential  protoplasm. 

Joffe,  Poulton  and  Ryffel  (10)  report  upon  a  case  of  extreme  under- 
nutrition in  a  vegetarian,  who  had  probably  previously  habituated 
himself  to  a  very  meager  intake.  Throughout  the  tests  the  basal 
rate  stayed  in  the  neighborhood  of  26.6  cal.  per  square  meter  per  hour, 
or  638  per  square  meter  per  day,  calculated  according  to  DuBois.  The 
increment  of  oxidation  during  work  was  about  average,  showing  that 
the  man  had  about  the  average  of  calorie  efficiency  in  work.  His 
pulse  was  always  below  50  in  the  reclining  position. 

Investigators  agree,  then,  that  when  the  diet  is  varied  downward 
there  is  a  factor  or  group  of  factors  tending  to  adjust  the  calorie  output 
to  the  intake. 

All  the  researches  thus  far  reviewed  follow  the  method  of  gas  analysis, 
and  judge  the  balance  between  intake  and  output  so  far  as  possible  by 
a  direct  measurement  of  both.  Another  plan  of  procedure  is  to  depend 
upon  the  body  weight  as  the  criterion  to  show  whether  a  balance  of 
intake  and  output  has  been  established.  In  order  to  obtain  convincing 
results  by  this  plan  it  is  necessary  to  let  the  tests  cover  long  periods  of 
time,  and  also  to  have  very  large  differences  in  the  measured  diets  of 
the  different  experimental  periods,  so  as  to  far  outweigh  any  variations 
in  energy  expenditure  that  may  come  from  uncontrolled  factors.  In 
the  past  this  general  mode  of  experiment  has  been  used,  either  with  or 
without  a  supplementary  study  of  the  gas  metabolism,  chiefly  by 
Neumann  and  by  Grafe  and  his  pupils. 

Neumann  (11)  carried  out  upon  himself  one  of  the  most  prolonged 
quantitative  diet  experiments  ever  recorded,  and  showed  a  food  intake 
which  gave  averages  on  different  years  of  2427  cal.  and  2057  cal.  respec- 
tively per  70  kgm.  body  weight.  The  actual  weight  in  the  former 
test  (1895-96)  averaged  66.5  kgm.,  and  in  the  latter  test  (1900-01) 
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averaged  72  kgm.  In  both  years  the  weights  were  virtually  stationary, 
tending  slightly  upward.  Neumann's  results  seem  to  show  ability  of 
the  organism  to  stabilize  its  weight  on  either  low  or  medium  intakes  of 
fuel.    But  they  do  not  deal  in  extreme  differences  of  diet. 

Grafe  and  Graham  (12)  carried  out  a  prolonged  experiment  upon  a 
dog,  keeping  full  account  of  the  nitrogen  metabolism  and  weight  during 
very  marked  over-feeding.  From  time  to  time  the  gas  exchange  was 
also  determined.  Although  prevented  from  taking  much  exercise, 
this  dog  showed  extraordinary  constancy  of  body  weight  during  both 
normal  diet  and  excessive  feeding.  A  puzzling  feature  is  the  fairly 
moderate  gas  exchange  which  the  dog  showed  in  all  the  tests. 

It  might  be  hoped  that  comparison  of  the  metabolism  in  abnormally 
obese  individuals  and  in  persons  of  normal  body  habit  might  throw 
some  light  on  the  factors  that  prevent  most  persons  from  fattening 
indefinitely.  This  aspect  of  the  problem  was  studied  by  Rubner  (13), 
by  A.  Magnus-Levy  (14)  and  by  von  Noorden  (15).  As  summarized  by 
von  Noorden,  the  weight  of  evidence  in  these  earlier  papers  is  for  a 
fairly  comparable  metabolic  rate  in  these  and  the  normal  cases.  Du- 
Bois  and  his  colleagues  improved  this  observation  by  applying  new 
methods  for  determining  the  surface  area  of  the  human  body.  (See 
James  H.  Means  (16),  and  F.  C.  Gebhart  and  Eugene  F.  DuBois  (17).) 
Using  DuBois'  determinations  of  surface,  it  is  easily  shown  that  the 
great  majority  of  over-fat  subjects  have  a  basal  rate  falling  well  within 
the  normal  rate  per  square  meter  of  surface.  This  establishes  the 
fact  that  the  laying  on  of  fat  is  not  caused  by  a  depression  in  the  basal 
rate.  The  alternatives  still  left  to  accoimt  for  an  obese  human  type 
are  a,  an  improved  possibiUty,  referred  to  by  von  Noorden,  that  without 
having  a  lowered  basal  rate,  the  obese  may*  still  show  an  exceptionally 
low  cost  of  digestion,  perhaps  by  not  showing  the  full  normal  specific 
dynamic  effect  of  foods;  or  6,  that  they  partially  or  entirely  lack  Rub- 
ner's  ''secondary  effect,"  which  causes  an  upward  shoving  of  the  specific 
dynamic  effect,  and  sometimes  even  of  basal  metabolism,  whenever  the 
protein  over-nutrition  becomes  cumulative;  or  c,  that  control  over 
fattening  is  not  referable  to  any  alteration  of  basal  metabolism  nor 
of  the  energy  cost  of  digestion,  but  is  to  be  sought  in  some  such  factor 
as  a  changed  appetite. 

We  may  sum  up  from  the  literature  that  under-nutrition  (with  loss 
of  nitrogen)  has  a  marked  lowering  effect  on  the  basal  metabolic  rate 
and  on  the  total  metabolism  of  the  twenty-four  hoxirs.  Over-nutrition, 
coupled  with  heavy  enrichment  of  the  body  with  nitrogen,  has  at 
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least  in  some  instances  an  effect  on  the  basal  rate,  and  has  been  re- 
peatedly found  by  Rubner  and  others  to  push  up  the  specific  dynamic 
or  stimulating  effect  of  protein  during  absorption,  to  higher  and  higher 
figures.  Whenever  these  factors  are  at  work  they  all  tend  to  limit  the 
fluctuation  of  the  body  mass,  and  especially  to  limit  the  accimiulation 
of  body  protein.  Grafe  and  his  collaborators  are  the  only  ones  who 
have  argued  that  a  similar  type  of  factors  is  powerful  in  preventing  the 
inmioderate  accumulation  of  body  fat. 

Outline  of  experiments.  The  general  intention  of  the  experiments 
here  reported  was  to  attempt  to  establish  constancy  of  weight  at  various 
levels  of  total  intake.  In  order  to  insm*e  the  adequacy  of  the  protein  and 
accessories  throughout  the  experiment,  milk  and  eggs  figure  in  all  the 
dietaries  used.  Small  amounts  of  fats  were  used  but  excesses  were 
avoided  because  it  is  too  easily  conceivable  that  fats  might  be  shunted 
into  the  adipose  tissue,  making  a  passive  increase  of  body  weight  with- 
out in  any  way  having  shared  in  the  metabolism.  The  main  source  of 
nourishment  was  carbohydrate,  from  rice,  wheat  and  oats,  and  the 
experiments  consisted  chiefly  in  varying  the  quantity  of  starchy  food 
from  these  sources. 

The  first  test  in  March,  April  and  May,  1916,  was  to  find  the  minimimi 
diet  that  would  maintain  an  approximately  normal  body  weight. 
After  that  the  intention  was  to  establish  a  constant  weight  on  a  high 
level  of  exchange.  This  attempt  lasted  with  interruptions  from  May, 
1916,  to  July,  1917. 

At  the  height  of  this  period  of  maximum  weight  and  food  intake 
the  basal  metabolism  was  determined  by  the  analysis  of  gas  exchange, 
conducted  at  the  Carnegie  Nutrition  Laboratory,  through  the  courtesy 
of  Dr.  F.  G.  Benedict  and  Dr.  Thome  M.  Carpenter.  The  body  weight 
was  then  brought  back  rather  abruptly  to  the  initial  level  by  means  of 
a  low  calorie  diet  in  July  and  August,  1917.  To  conclude  the  experi- 
ment another  determination  was  made  of  the  quantity  of  food  necessary 
to  hold  the  weight  constant.  * 

During  several  of  the  above  periods  records  were  made  of  general 
physical  activity.  Data  were  taken  for  the  nitrogen  balance  during 
the  period  of  rapid  reduction.  Analyses  of  foods  were  made  for  this 
period,  but  not  for  any  of  the  other  periods,  nor  were  any  tests  made 
of  combustion  value.  Instead  the  diet  was  limited  to  a  very  small 
selection  of  foods  that  would  be  as  free  as  possible  from  erratic  fluc- 
tuations in  composition.  This  method  is  imdoubtedly  liable  to  a 
certain  degree  of  inaccuracy,  but  not,  we  believe,  to  major  errors 
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or  large  systematic  discrepancies  that  would  alter  the  tenor  of  the 
conclusions. 

The  figures  for  the  calorie  values  of  the  foods  are  taken  consistently 
from  Atwater  and  Woods'  tables  published  by  the  U.  S.  Dept.  of 
Agriculture  (18).  These  figures  are  based  on  Rubner's  standard 
values  for  the  physiologically  available  energy  in  protein,  fat  and 
carbohydrates  when  presented  in  the  digestive  tract  in  ''perfectly 
digestible"  form.  Up  to  July,  1917,  the  foods  were  all  of  this  "per- 
I  fectly  digestible"  form,  and  it  would  be  correct  theoretically  to  use 

!  these  fuel  values  without  deducting  for  the  loss  by  feces.    After  that 

date  the  use  of  shredded  wheat  in  the  diet  caused  a  considerable  in- 
j  crease  in  the  moist  weight  of  feces,  but  apparently  not  so  great  a  change 

in  the  dry  weight.  The  dry  weight  of  a  series  of  feces  samples  which  were 
closely  comparable  to  those  of  March  and  April,  1916  (ration  of  2744 
cal .) ,  averaged  27  grams  per  day.  This  figure  comes  from  an  unreported 
preliminary  test  made  in  April,  1915.  In  June,  1916,  it  was  about  51 
grams  per  day  (on  3800  calories),  and  in  July,  1917,  it  was  78  grams 
(on  4113  calories  with  much  shredded  wheat).  In  August,  1917,  it  was 
about  22  grams  (low  diet),  and  in  November  about  35  grams  (3200 
calories  with  medium  supply  of  shredded  wheat). 

The  principal  data  obtained  are  the  records  of  weight  variation. 
Every  effort*  was  made  to  obtain  reliable  and  comparable  weighings. 
The  regular  hour  was  between  11:30  a.m.  and  12:00  m.  The  fewest 
possible  changes  were  made  in  the  dietary  of  the  breakfasts,  in  order  to 
minimize  the  fluctuations  that  come  from  variation  in  the  contents 
of  the  digestive  tract.  Defecation  ordinarily  occurred  in  the  forenoon, 
and  no  weighings  are  included  from  the  exceptional  days  on  which  it 
had  not  occurred  before  the  hour  for  taking  the  weight.  No  laxative 
was  used  at  any  time.  Care  was  taken  that  the  bladder  should  be 
empty  and  that  the  stomach  should  not  contain  drinking  water  at  the 
weighing  hour.  Whenever  the  weather  was  sultry,  some  water  was 
drunk  at  about  9:30  to  insure  against  shortage  at  11:30.  In  spite  of 
these  precautions  there  were  some  rather  disconcerting  fluctuations 
of  weight,  that  must  be  ascribed  to  variations  of  water  metabolism. 
Some  of  the  low  weights  that  show  abnormally  low  water  content 
occurred  in  connection  with  temporary  constipation,  and  were  thus 
automatically  excluded.  In  cases  of  insomnia  (of  which  there  were 
several  instances  toward  the  end  of  the  experiments)  there  always 
resulted  an  abrupt  transitory  fall  of  weight,  which  is  probably  chiefly 
due  to  an  accelerated  renal  activity.    Some  of  these  weights  were 
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recorded,  but  care  was  taken  not  to  make  unsuitable  use  of  those 
particular  figures.  An  abnormally  low  weight  (500  grams  below  the 
previous  day)  was  foimd  on  November  27,  1917,  at  the  onset  of  a 
heavy  nasal  catarrh.  It  was  discarded,  leaving  November  26  the 
last  valid  weighing.    No  weights  were  discarded  for  any  other  causes. 

It  must  not  be  forgotten  that  body  weight  is  only  an  approximate 
criterion  for  the  equality  of  intake  and  output.  A  person  who  is 
oxidizing  as  much  as  100  calories  (11  grams)  of  body  fat  a  day,  may 
replace  enough  of  that  fat  with  water  and  have  enough  other  fluctua- 
tions of  his  water  metabolism  to  completely  mask  the  fact  for  many 
days.  This  makes  it  very  necessary  for  experiments  upon  the  body 
weight  to  cover  long  periods  of  time. 

Lov)  level  tests  of  1916.  The  initial  low  level  tests  are  not  to  be  under- 
stood as  representing  subnormal  nourishment  or  any  great  degree  of 
emaciation.  At  that  time  (age  thirty-four)  my  weight  had  been  fairly 
constant  for  a  number  of  years,  between  64  and  66  or  possibly  66.5  kgm. 
This  is  below  the  average  for  the  height  of  181.2  cm.,  but  if  allowance 
is  made  for  a  rather  short  and  narrowly  built  trunk,  it  does  not  neces- 
sarily indicate  under-nutrition. 

No  record  of  activity  was  made  during  this  period,  but  the  round 
of  occupations  corresponded  very  closely  to  the  recorded  activities  of 
May  and  June,  1917,  the  schedule  of  duties,  the  plan  of  life  and  the 
daily  habits  being  almost  identical.  This  means  about  five  miles  a  day 
by  pedometer,  about  forty-five  meters  of  staircases  climbed  per  day, 
and  a  variety  of  light  occupations  connected  with  teaching  and  laborer 
tOry,  many  of  which  are  already  included  in  the  estimated  mileage. 
Night  hoiu^s  and  habits  of  sleep  were  good,  averaging  not  far  from  8.2 
or  8.3  hours  rest  per  night.  It  should  perhaps  be  mentioned  that  I  am 
not  a  quiet  sleeper.  By  fastening  a  pedometer  to  one  ankle,  it  was 
foimd  that  in  an  average  night  150  to  160  movements  would  be  made, 
.  of  sufl5cient  vigor  to  be  coimted  as  steps  by  the  pedometer.  No  sports, 
muscular  games  or  pleasure  walks  were  indulged  in  during  any  of  the 
experimental  periods  upon  measured  diets.  On  this  quiet  manner  of 
life,  starting  at  a  weight  (on  March  3)  of  64.16  kgm.,  it  was  attempted 
to  estabUsh  a  nutritive  balance  at  about  2725  calories.  This  diet  was 
probably  a  little  less  than  was  eaten  before  the  experiments.  As  long 
as  it  lasted  the  sensations  of  hunger  before  meals  were  more  than 
customarily  acute. 

For  the  entire  duration  of  the  test,  till  May  9,  the  tendency  to 
lose  weight  was  not  entirely  overcome.    The  41-day  period,  March 
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30  to  May  9, 1916  (period  II),  shows  an  average  daily  loss  of  12  grams 
on  2744  calories  of  food,  at  an  average  weight  of  61.81  kgm.  Thus  the 
body  requires  more  than  2744  calories  to  sustain  it  at  62  kgm.  even 
under  the  very  moderate  conditions  of  activity.  Assuming  that  the 
12  grams  of  flesh  lost  had  a  calorie  value  not  higher  than  fat,  the  daily 
expenditure  was  more  than  2744  and  less  than  2855  cal.  A  similar 
calculation  from  the  last  seventeen  days  of  this  period  gives  an  ex- 
penditure of  more  than  2753  and  less  than  2827  cal. 

These  figures  are  distinctly  larger  than  the  ordinary  expectation  at 
the  indicated  degree  of  activity.  Based  on  a  height  of  181.2  cm.  and  a 
weight  of  61.8  kgm.,  the  expected  output  of  energy  can  be  listed  approxi- 
mately as  follows: 

ealorieM 

Basal  metabolism,  24  hours^ 1593 .0 

5.8 
Added  for  5.8  hours  sitting,  —  X  0.1  X  1595 38.5 

Added  for  10  hours  standing,  rr  X  0.2  X  1595 132.1 

24 

Added  for  walking  5  miles,  5  X  0.6  X  65.4  (i.e.,  clothed  weight.)  197.2 

Added  for  estimated  activities  that  fail  to  show  on  the  pedometer 

(50  per  cent  of  the  walking) 98.6 

Added  for  climbing  45  m.  of  stairs,*  45  X  4  X  65.4  X  0.002343. . .  27.6 

Added  for  descending  45  m.  of  stairs,*  45  X  2  X  65.4  X  0.002343  13.8 

2100.8 
"Digestion  cost"  of  2744  cal.  food  (6  per  cent)* 164.6 

Predictable  calorie  output. 2^7.4 

Food  eaten 2744.0 

Discrepancy  of  intake  over  predictable  need 476.6 

or  21  per  cent 

Where  some  of  these  items  are  problematical,  they  have  been  esti- 
mated at  a  rather  liberal  rate,  e.g.,  the  ten  hours  standing  and  the 
unknown  activities  equivalent  to  2.5  miles  of  walking.  The  *' digestion 
cost,"  and  the  increments  of  metaboUsm  due  to  the  sitting  and  standing 
positions  have  been  placed  at  figures  that  may  appear  rather  low, 
because  the  data  upon  these  factors  published  in  recent  years  by 
F.  G.  Benedict  and  his  collaborators  seem  to  call  for  a  moderate  estimate 

^  Harris  and  Benedict's  prediction  for  height,  181.2  cm.;  weight,  71.81  kgm 

*  Assuming  a  mechanical  efficiency  of  25  per  cent. 

*  Assuming  the  descent  to  cost  half  as  much  as  the  ascent. 

*  Benedict  and  Carpenter  (22). 
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of  their  effect.     (See  Benedict  and  Murschhauser  (20);  Benedict  and 
Carpenter  (22).) 

The  failure  to  overcome  the  negative  balance  on  an  intake  of  2744 
calories  indicates  a  physiological  tendency,  even  at  low  weight  levels, 
to  expend  more  energy  than  is  to  be  expected  from  the  list  of  external 
activities.  This  physiological  wastefulness  left  the  system  slightly 
under-nourished  on  a  diet  which  ought  otherwise  to  have  been  more  than 
adequate. 

High  level  tests.  May,  1916,  to  June,  1917.  Periods  III  and  IV  of 
the  experiments,  covering  May  10  to  Jime  13,  inclusive,  diflfer  from  the 
preceding  in  an  increased  amoimt  of  carbohydrate  with  a  slight  in- 
crease of  butter  (50  instead  of  35  grams).  In  order  to  avoid  over- 
whelming the  stomach  with  an  excessive  volume  of  food,  the  additions 
were  chiefly  to  the  bread  ration  rather  than  the  moist  cereals.  For 
two  weeks  (period  III)  a  diet  of  3480  cal.  was  maintained,  on  which  a 
gain  was  made  of  2.26  kgm.  As  there  was  no  promise  of  reaching  a 
balance  quickly,  a  further  increase  of  bread  was  made  and  the  high 
feeding  was  kept  up  till  June  13  (period  IV,  May  26  to  Jime  13,  in- 
clusive). With  an  average  diet  of  3806  calories,  the  daily  gains  contin- 
ued about  the  same,  to  the  final  weight  of  66.17  kgm. 

Periods  III  and  IV  can  coimt  only  as  preliminary,  being  too  short  to 
overcome  the  doubts  that  are  necessarily  caused  by  the  fluctuation  of 
water  metabolism.  It  is  well  known  (Bischoflf  and  Voit  (23);  Voit  (24) 
discussion  on  page  347)  that  heavy  feeding  with  a  very  starchy  diet 
will  lead  to  a  notable  accimiulation  of  water  in  the  tissues.  But  we 
have  no  basis  on  which  to  predict  the  extent  or  dm*ation  of  this  process, 
and  so  have  hardly  any  clue  to  the  calorie  value  of  the  accumulated 
weight  in  our  experiment.  If  the  accimiulation  during  period  IV  had 
been  exclusively  pure  fat, — ^an  assumption  which  is  "certainly  contrary 
to  fact,—  it  would  have  represented  a  fuel  accmnulation  of  1200  calories 
per  day,  or  more  than  the  total  daily  excess  of  food  in  calories.  The 
high  diet  needs  to  be  continued  long  enough  to  more  nearly  stabilize 
this  factor  of  water  intake. 

The  sunamer,  from  Jime  14  to  October  23,  was  on  a  liberal  and 
hearty  diet.  Butter,  meat,  milk  and  especially  all  forms  of  carbo- 
hydrates were  supplied  unstintingly,  and  were  intentionally  taken  to 
the  full  limit  that  could  be  reUshed.  For  2J  months  the  appetite  was 
under  the  stimulus  of  an  active  outdoor  life.  The  resulting  weight 
of  70.05  kgm.  on  October  24  was  considerably  the  largest  that  I  had 
ever  reached. 
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There  then  followed  a  measured  period  of  fifty  days  (period  V) 
averaging  3376  calories  per  day,  and  with  daily  activity  at  most  only 
slightly  greater  than  in  the  other  experimental  periods.  The  average 
gain  during  the  fifty  days  was  30  grains  per  day.  This  miist  be  inter- 
preted J8LS  showing  a  genuine  plus  balance,  because  the  gain  is  dis- 
tributed throughout  the  period,  including  its  latter  portion  wl^en  water 
equiUbrium  must  have  been  reasonably  well  established.  The  small 
size  of  the  daily  gains  makes  it  seem  probable  that  the  fuel  cost  of 
maintenance  and  activities  bad  risen  along  with  the  body  weight. 

The  period  of  over-nutrition  was  unavoidably  interrupted  in  the 
winter  of  1916-1917  by  a  season  of  heavy  duties,  impaired  sleep  and 
consequent  intolerance  for  an  excessive  diet.  But  there  was  no  interrup- 
tion of  the  record  of  essentially  good  health,  and  in  February  and 
March  good  nutritive  conditions  made  it  possible  to  recover  the  greater 
part  of  what  had  been  lost. 

On  March  24,  1917,  period  VI  was  started  with  the  initial  weight  of 
71.20  kgm.  It  was  continued  73  days  with  an  average  intake  of 
3545  calories  of  food  and  showed  an  average  gain  of  24  grams  per 
day.  As  in  the  case  of  the  preceding  period,  the  weight  curve  does 
not  suggest  any  modification  of  the  water  metabolism  by  the  carbohy- 
drate food.  Its  greater  length  renders  it  a  comparatively  safe  period 
on  which  to  base  calculations.  With  an  average  weight  only  1.03  kgm. 
above  that  of  period  V  the  additional  170  calories  are  carried  with  a 
smaller  daily  gain.  There  seems,  then,  to  have  been  a  definite  although 
not  very  great  growth  of  that  extravagance  in  use  of  fuel  food  which 
was  noted  during  period  II. 

This  high  expenditure  of  fuel  food  is  much  more  pronoimced  in 
this  period  than  in  any  previous  test.  This  is  not  explained  by  ac- 
tivity, as  the  daily  habits  of  period  II  and  period  VI  are  the  nearest 
imaginable  approach  to  duplicates  of  each  other.  It  is  likely  that 
period  V  had  slightly,  but  only  slightly  greater  physical  activity,  on 
account  of  a  slightly  heavier  schedule  of  university  duties.  In  that 
case  the  relative  metabolism  of  period  VI  above  period  V  becomes  the 
more  noteworthy.  Period  V  is  the  only  one  of  the  first  six  periods  that 
differed  perceptibly  in  its  round  of  activities. 

The  record  of  activities  with  the  aid  of  pedometers  began  to  be 
taken  that  spring,  and  included  about  four  weeks  of  period  VI.  Three 
pedometers  were  worn  at  the  start,  one  at  the  belt,  a  second  at  the 
right  ankle,  intended  to  show  minor  movements  of  locomotion,  and  the 
third  at  the  right  forearm.    The  forearm  position  proved  to  be  use- 
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less,  because  of  the  changes  of  posture,  and  because  sudden  motions  were 
liable  to  jam  the  bob  of  the  pedometer  and  make  it  stop  recording. 
The  ankle  pedometer  was  also  given  up  eventually.  It  seemed  to  be 
able  to  record  more  motions  than  the  belt  pedometer  during  the  sitting 
and  standing  occupations,but  it  siififered  from  very  nearly  the  same 
mechanioal  difficulties  as  the  one  on  the  arm.  It  was  read  night  and 
morning  for  14  days,  and  supplied  the  data  on  restless  sleeping  to 
which  I  have  already  referred.  The  belt  pedometer,  was  worn  only 
during  the  waking  hours,  and  was  read  once  daily  regularly  through 
the  remainder  of  the  series  of  experiments. 

The  estimate  of  stairs  climbed  is  a  fairly  accurate  average,  based 
on  the  extremely  uniform  roimd  of  places  visited  each  day. 

The  record  of  hours  devoted  to  sleep  did  not  commence  till  July 
of  that  year.  They  vdiTy  from  8.20  to  8.35  hours  in  different  months. 
I  believe  it  probable  that  in  periods  I  to  VI  the  hours  were  not  less 
than  the  latter  figures,  but  in  order  to  insure  against  an  under-estimate 
of  activities,  I  have  calculated  on  the  basis  of  8.2  hours. 

A  rather  problematical  point  as  regards  activity  is  the  number  of 
hours  in  the  standing  position,  and  the  amount  of  activity  of  geiitler 
type  than  would  record  on  the  pedometer.  Much  time  was  spent 
standing,  as  I  made  but  little  use  of  chairs  in  the  laboratory.  In  order 
to  insure  against  an  under-estimate,  the  figure  has  been  set  at  ten  hours 
for  periods  I  to  VI  inclusive.  In  the  same  spirit  I  have  assumed  an 
arbitrary  figure  of  half  the  energy  of  an  average  day's  walking  to 
cover  the  imdeterminable  lighter  activities.  These  data  give  us  the 
following  estimate  of  the  daily  energy  output  that  would  fulfil  the 
ordinary  expectation  for  this  period: 

calories 

Basal  metabolism,  24  hours' 1724.0 

5  8 
Added  for  5.8  hours  sitting,  ^-  X  0.1  X  1724 41.7 

Added  for  10  hours  sUnding,  —  X  0.2  X  1724 143.7 

Added  for  walking  4.82  miles,  4.82  X  0.6  X  75.4  (i.e.,  clothed 
weight) 218.1 

Added  for  activities  not  shown  on  pedometer  (estimated  as  50  per 
cent  of  the  walking) 109  0 

Added  for  climbing  45  m.  of  stairs,*  45  X  4  X  75.4  X  0.002343. ...      31 .8 

•  Harris  and  Benedict's  prediction  for  height,  181.2  cm.;  weight,  71.81  kgm. 

•  Assuming  a  mechanical  efficiency  of  25  per  cent. 
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Added  for  descending  45  m.  of  stairs^ 15  9 

2284.2 
"Digestion  cost"  of  3545  cal.  food  (6  per  cent)' 212 .7 

Predictable  calorie  output 2496.9 

Food  eaten -3545.0 

Deduction  for  excess  feces  (21  grams  excess  above  the  normal  30 
grams)  21  X  6.2  cal 130.2 

Net  cal.  from  diet 3414.8 

Discrepancy  of  intake  over  predictable  need +37  per  cent 

This  diet  seems,  from  the  calculation,  to  be  no  less  than  37  per  cent 
in  excess  of  the  predictable  need,  while  the  diet  in  period  II  showed  an 
excess  of  21  per  cent.  But  it  is  necessary  to  allow  for  the  difference 
between  a  falling  weight  in  period  II  and  a  rising  weight  in  the  later 
period.  If  we  assume  that  the  calorie  value  of  the  flesh  gained  and  lost 
does  not  exceed  that  of  pure  fat,  then  the  total  oxidation  of  material 
(food  and  body  fat)  in  period  II  lies  21  per  cent  to  23  per  cent  above 
the  predictable  figure,  and  the  oxidation  in  period  VI  is  between  27  per 
cent  and  37  per  cent  above  the  prediction.  The  discrepancy  between 
the  predictable  and  the  observable  expenditure  has  undergone  an  absolute 
increase  and  probably  even  a  relative  increase. 

Basal  metabolism  during  over-nutrition.  In  June,  1917,  the  courtesy 
of  Dr.  F.  G.  Benedict  and  of  Dr.  T.  M.  Carpenter  and  their  collaborators 
in  the  Carnegie  Nutrition  Laboratorj*^  supplied  me  with  three  determina- 
tions of  my  basal  metabolism  by  their  usual  routine  methods.  On 
June  13  and  16  the  tests  were  in  the  bed  respiration  chamber,  Miss 
Corson  in  charge,  at  the  Deaconess'  Hospital,  Boston,  and  on  June  20 
by  means  of  the  large  Tissot  spirometer  and  Haldane  gas  analysis 
methods,  carried  out  by  Doctor  Carpenter.  These  tests  were  all  of 
them  on  the  high  diet,  the  average  intake  of  the  three  2-day.  periods 
preceding  these  three  tests  being  3965  calories.  As  the  experiments 
necessarily  interrupted  the  diet,  being  taken  at  breakfast  time  on  an 
empty  stomach,  and  not  being  concluded  for  some  hours,  the  average 
intake  for  the  whole  period  of  June  9  to  19  inclusive  is  only  3790  cal. 
On  this  diet  of  essentially  3965  calories  representing  the  maximum  in 
take  up  to  that  date,  and  at  a  body  weight  of  73.62  kgm.,  the  recorded 
metabolism  is  very  uniform  with  the  single  exception  of  the  first  respira- 

'  Assuming  the  descent  to  cost  half  as  much  as  the  ascent. 
•  Benedict  and  Carpenter  (22). 
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tion  period  of  the  first  day,  the  period  of  introduction  to  the  apparatus, 
when  the  psychic  eflFects  undoubtedly  militated  against  complete 
relaxation.  Rejecting  this  half-hour  period,  the  average  of  the  other 
results,  by  indirect  calorimetry  from  the  gas  analysis,  are  73.32  cal. 
per  hour,  or  1762  cal.  per  day  for  the  waking  basal  metabolism.  The 
prediction  for  weight  73.6  kgm.,  height  181.2  cm.  and  age  thirty-five, 
made  by  Harris  and  Benedict  (19)  is  1749  cal.,  constituting  an  almost 
perfect  agreement  with  the  finding. 

A  very  high  respiratory  quotient  should  be  noted;  the  figures  being 
0.94,  0.93  and  0.89  on  the  three  different  days.  In  the  first  two  of 
these  cases  the  non-protein  respiratory  quotient  was  0.98.  Thus  even 
thirteen  to  fifteen  hours  after  the  last  meal,  and  although  fats  were  by 
no  means  excluded  from  the  high  carbohydrate  diet,  the  oxidative 
processes  were  limited  practically  to  carbohydrate  and  protein. 

In  spite  of  this  fact  that  the  high  carbohydrate  of  the  previous 
evening  is  still  exerting  a  great  influence  upon  the  respiratory  quotient, 
the  metabolic  rate  conforms  exactly  to  the  prediction  for  the  basal  or 
post-absorbtive  rate.  The  prolonged  diet  has  not  raised  the  basal 
metabolic  rate  above  the  normal  average. 

As  I  believe  the  figures  have  demonstrated  that  the  metabolism  as 
a  whole  is  extravagant  above  the  average,  we  shall  have  to  look  for  the 
element  of  extravagance  in  some  other  factor  than  the  basal  rate. 

Return  to  normal  level.  The  return  to  a  normal  weight  was  accom- 
plished in  the  summer  months  of  1917,  while  at  the  laboratories  of  the 
University  of  Illinois  Medical  School.  During  this  period  the  food, 
urine  and  feces  were  analyzed  for  the  determination  of  nitrogen  balance. 
The  urine  analyses  were  continued  most  of  the  time  to  the  end  of  the 
experiments  on  November  26,  and  the  weighed  diet  up  to  that  date  was 
limited  to  the  same  set  of  foods  as  were  used  in  the  summer  period. 
Thus  the  nitrogen  exchange  was  followed  in  full  or  in  part  during 
the  whole  of  these  4J  months.  Table  3  summarizes  these  analytical 
data. 

The  diet  differed  from  that  of  previous  periods  in  the  substitution  of 
shredded  wheat  in  place  of  the  more  difficulty  analyzable  white  rolls, 
and  also  in  the  change  from  soft  boiled  eggs  to  a  form  of  custard,  which 
could  easily  be  sampled  for  analysis  when  mixed  and  strained  and 
ready  to  cook.  Clear  centrifuged  butter  fat  was  used  in  the  summer 
months  in  place  of  commercial  butter.  Head  rice,  Quaker  brand 
rolled  oats  and  whole  milk  completed  the  diet.  The  analysis  of  the 
milk  was  by  taking  equal  daily  samples.    The  shredded  wheat  was 
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broken  small  and  mixed  thoroughly  in  a  large,  moisture-proof  con- 
tainer, from  which  the  daily  portions  and  the  samples  for  analysis  were 
taken.  The  rolled  oats  and  the  rice  were  similarly  mixed  and  sampled. 
All  these  cereal  samples  were  groimd  before  dividing  them  into  smaller 
portions  for  the  analyses.  The  Kjeldahl-Gunning  method  was  used  in 
all  the  nitrogen  determinations. 

The  first  week  of  this  summer  series,  on  a  diet  of  4115  cal.,  represents 
very  nearly  the  maximum  capacity  of  the  subject  for  continuous 
consumption,  unless  fats  were  to  be  used  more  freely.  A  substantial 
plus  balance  is  shown  both  in  nitrogen  and  in  body  weight.  The 
period  is  too  short  to  indicate  the  extent  to  which  excess  oxidation  may 
have  developed,  but  it  is  clear  that  the  process  h^d  not  gone  far  enough 
to  prevent  further  fattening. 

Following  this  was  a  period  of  low  nutrition,  lasting  7  weeks,  with  a 
daily  average  of  1874  cal.  The  intention  was  to'  dispose  of  the  accumu- 
lated body  fat  without  nmning  into  the  condition  of  depressed  basal 
metabolism  that  will  occur  when  there  has  been  a  heavy  loss  of  nitrogen. 
Accordingly  the  quota  of  eggs  was  somewhat  increased,  and  the  radical 
cut  was  confined  to  the  cereal  foods  and  the  butter  fat,  the  latter  being 
entirely  discontinued  during  most  of  the  interval.  It  was  impossible, 
however,  to  prevent  a  strongly  negative  balance  of  protein  materials, 
so  that  the  average  daily  weight  loss  of  approximately  200  grams  for 
the  rest  of  the  simmier  is  accompanied  by  an  average  nitrogen  loss 
of  nearly  1.4  grams  per  day. 

Final  equilibrium.  The  attempts  to  reach  a  stable  weight  during 
September,  October  and  November  make  it  clear,  first  of  all,  that  in 
spite  of  the  considerable  loss  of  nitrogen  the  body  was  by  no  means  in  a 
depressed  metabolic  state.  It  is  impossible  to  tell  whether  the  body 
was  richer  or  poorer  in  protein  constituents  than  it  had  been  during 
the  first  equilibriimi  period  (period  II)  of  1916.  After  more  than  a 
year  of  high  calorie  diet,  with  a  fully  adequate  protein  intake  at  all 
times,  there  can  be  no  question  that  when  the  diet  was  changed  in 
July  the  tissues  were  copiously  stocked  with  protein  materials.  The 
figiu-es  obtained  after  July  15  can  be  extrapolated  so  as  to  show  that 
between  that  date  and  the  middle  of  September  the  body  must  have 
lost  some  70  or  75  grams  of  nitrogen, — ^an  amount  that  probably  did 
not  yet  leave  the  body  in  any  greatly  depleted  condition.  When  the 
diet  was  now  increased  to  near  2500  calorie,  this  negative  balance  was 
checked,  or  possibly  even  changed  to  a  small  positive  figure,  but  the 
loss  of  weight  was  not  entirely  overcome.    The  same  was  true  in  the 
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period  on  2780  calories  in  October,  the  nitrogen  balance  being  some- 
what further  improved,  but  the  weight  still  continuing  to  decline.  A 
virtually  steady  weight  was  at  last  established  on  an  appreciably 
higher  diet,  from  October  24  to  November  25  inclusive,  but  not  till 
the  nitrogen  balance  had  become  definitely  positive.  Judging  from  the 
final  fortnight,  (period  XIII),  3200  calories  were  now  necessary  to  main- 
tain a  body  weight  of  about  61.3  kgm. 

During  September,  1917,  it  was  impossible  to  make  a  satisfactory 
record  of  activity,  because  at  that  time  the  exigencies  of  changing  to  a 
new  residence  caused  a  temporary  increase  of  manual  labor.  The 
October  and  November  records  are  free  from  such  complications, 
excepting  that  the  use  of  a  bicycle  was  commenced  at  this  point,  to 
get  to  and  from  work.  Habits  of  sitting  and  standing  were  about  as 
in  the  early  months  of  experimentation.  The  recorded  activities  are 
as  follows: 


Duration  in  days 

Sleep  per  day,  hours 

Walking  per  day,  miles 

Bicycle  per  day,  miles 

Stairs  climbed  per  day  (est.)  meters 


PERIOD  AND  DATS 


x 

October 
13-23 


11 
8.55 
4.76 
2.61 

20 


XI 

October 

24-27 


4 

8.44 
7.62 
4  48 

20 


XII 
October  28 
to  Novem- 
ber 10 


14 
7.78 
3.58 
4.54 

20 


XIII 

November 

11-25 


15 

8.28 

4.35 

4.77 

20 


The  bicycle  route  involved  no  steep  grades,  and  always  retmned  to  the 
level  of  the  original  starting  point.  The  bicycle  was  an  exceedingly 
easy  nmning  one,  capable  of  coasting  freely  on  windless  days  on  a 
gradient  of  115  feet  (35  m.)  per  mile,  rider  plus  bicycle  having  a  total 
weight  of  83  kgm. 

Without  attempting  to  evaluate  the  energy  used  in  bicycle  riding, 
I  believe  it  will  be  conceded  to  be  insufficient  to  make  the  activities  of 
the  above  periods  appreciably  greater  than  in  periods  II  and  VI. 
But  the  irregularities  in  sleep  are  probably  a  rather  serious  factor,  and 
period  XII  is  probably  vitiated  for  purposes  of  comparison  by  the 
relatively  poor  "sleep''  record.  For  this  reason  period  XIII  seems  to 
be  the  principal  one  for  a  satisfactory  comparison  with  period  II,  on 
the  assumed  basis  that  they  represent  essentially  the  same  degree  of 
muscle  activity. 
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The  summarized  results  of  the  last  four  periods  are  as  follows: 


INTAKE 

CHANGE 
OP 

PERIOD 

DATES 

IN 

CAI.OR- 

IB8 

WBIOHT 
PEB 
DAT 

grama 

X 

October  13-23 

2781 

-50 

Maximum  sleep.  Activities 
below  average 

XI 

October  24-27 

3183 

H-63 

Excellent  sleep.  Greater  ac- 
tivities 

XII 

October  28-November  10 

2970 

-44 

Imperfect  sleep.  Moderate 
activities 

XIII 

November  11-25 

3204 

-  3 

Excellent  sleep.  Moderate 
activities 

I  place  beside  these  for  comparison  the  earlier  period: 


II 


March   30- May   9,    1916 


2744 


-12 


Excellent      sleep.    Moderate 
activities 


In  spite  of  the  inescapable  irregularities  inherent  in  human  ex- 
perimentation of  this  sort,  a  comparison  of  the  forty-one  days  in  1916 
with  the  final  thirty-three  days,  both  of  which  were  at  practically 
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identical  average  body  weights,  brings  out  very  definite  evidence  of  a 
marked  increase  in  the  daily  caloric  requirement.  It  is  not  safe  to 
attempt  to  calculate  exactly  how  great  this  change  has  been,  but  on 
the  face  of  the  results  from  the  final  fifteen  days,  the  daily  demand 
seems  to  have  risen  by  some  300  to  400  calories. 

DISCUSSION 

The  general  results  of  these  experiments  are  that  this  example  of  a 
person  belonging  to  the  difficultly  fattening  type  was  found  to  show 
a  wasteful  rate  of  oxidation  during  all  the  feeding  experiments,  in- 
cluding both  the  periods  in  which  the  diet  was  moderate  or  low  and 
those  in  which  a  large  excess  of  starch  was  superposed  upon  the  normal 
diet.  During  the  prolonged  periods  of  high  diet  this  wasteful  oxidation 
became  more  pronoimced.  and  it  continued  so  throughout  the  following 
periods  of  under-nutrition,  so  that  even  after  the  body  had  been  brought 
down  again  to  its  original  weight,  it  required  more  food,  to  keep  it  at 
steady  weight  than  had  been  necessary  at  the  start. 

In  a  preliminary  report  of  these  experiments  that  was  made  in  1917 
(25)  considerably  uncertainty  was  expressed  as  to  whether  or  not  these 
figures  could  be  used  as  evidence  for  a  compensatory  excess  oxidation 
during  high  feeding.  This  doubt  was  based  on  the  fact  that  a  com- 
parison between  the  nutritive  exchange  during  high  feeding  and  that 
during  the  final  low-weight  periods  could  only  lead  to  inconclusive 
results.  In  the  present  paper  the  final  low-weight  periods  are  not 
used  for  this  comparison,  and  the  extravagance  of  the  calorie  exchange 
during  over-nutrition  is  appraised  by  comparing  it  with  the  initial 
determination  of  minimum  need,  as  made  in  1916.  It  is  believed  that 
this  plan  of  analysis  is  justified;  firstly,  because  the  calorie  demand  in 
the  final  periods  is  so  far  above  the  need  as  found  in  1916  that  it 
seems  to  show  a  hangover  eflFect  from  the  months  of  excess  nutrition; 
and,  secondly,  because  even  the  initial  need  is  noticeably  in  excess  of 
the  expectation  by  dead  reckoning. 

The  basal  rate  of  metabolism  as  determined  in  a  reclining  position 
before  breakfast  did  not  rise  above  the  average  expectation  for  the 
subject's  age,  weight  and  height.  Pulse  and  bipod  pressure  were  also 
entirely  normal. 

It  seems  clear  that  throughout  the  entire  experimental  series  there 
was  some  factor  at  work  which  caused  fuel  food  to  be  burned  more 
freely  than  in  the  average  individual.  This  factor  was  not  an  over- 
active thyroid  as  attested  by  the  entirely  normal  basal  metabolism. 
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It  is  possible  that  a  part  of  the  waste  is  attributable  to  neuromuscular 
factors.  During  all  the  experimental  periods  the  greater  part  of  the 
daily  activities  were  of  the  less  intense  variety,  the  calorific  cost  of 
which  is  always  problematical,  because  it  can  never  be  predicted  how 
much  will  be  wasted  in  the  increased  tone  of  the  unemployed  muscles. 
This  imdeterminable  expenditure  may  easily  have  varied  from  the 
average  expectation,  and  may  be  responsible  for  some  of  the  unex- 
plained energy  expenditure.  But  if  this  were  the  whole  explanation, 
we  ought  to  find  a  lessened  wastefulness  and  not  an  increase  during  the 
months  of  over-feeding  when  there  was  a  continued  stiififed  feeling  and 
a  disinclination  to  exertion.  For  this  reason  it  seems  more  probable 
that  the  main  factor  is  not  to  be  sought  in  neuromuscular  habits,  but 
in  some  factor  in  the  chemistry  of  nutrition. 

The  nitrogen  balance  may  very  easily  be  connected  in  some  way 
with  this  problem,  for  although  the  actual  intake  of  proteins  was 
never  abnormally  high,  the  liberal  calorie  allowance  of  the  experimental 
diets  and  of  the  subject's  previous  dietary  habits  was  very  favorable 
to  an  accumulation  of  nitrogen.  Even  the  last  tests,  after  there  had 
been  a  loss  of  70  grams  or  more  of  nitrogen,  may  have  been  imder  the 
influence  of  superabundant  stores  of  protein  materials,  as  that  70  grams 
were  only  removed  after  a  maximum  storage  must  have  been  attained, 
and  by  the  time  that  the  last  experimental  weeks  had  been  reached, 
some  of  the  lost  nitrogen  had  been  restored.  If  the  factor  causing 
extravagance  is  related  to  this  supposed  nitrogen  enrichment,  it  is  not 
to  be  compared  with  the  plethora  effect  observed  by  Atkinson  and 
Lusk  (5),  but  it  may  very  possibly  be  comparable  to  the  "secondary 
effect''  of  protein  enrichment,  which  according  to  Rubner  (1)  can  raise 
the  specific  dynamic  effect  of  the  food  without  raising  the  basal  rate. 
The  present  experiment  differs  from  Rubner's  in  that  the  food  for 
which  the  specific  dynamic  effect  must  be  augmented  is  largely  starch 
instead  of  protein. 

It  is  also  possible  that  nitrogen  enrichment  may  not  be  the  major 
explanation  of  the  nutritive  condition.  For  there  is  still  the  alternative 
that  von  Noorden's  (15)  suggestion  respecting  the  obese  type  may  have 
its  converse,  and  the  spare  type  be  accounted  for  by  any  factor  that 
produces  a  high  "cost  of  digestion,"  just  as  the  obese  may  be  supposed 
to  suffer  from  an  abnormally  low  "cost  of  digestion."  The  decision 
between  these  alternatives  would  only  be  possible  after  an  extension  of 
the  tests  beyond  the  limits  that  have  been  practicable  in  the  present 
investigation. 


Digitized  by 


Google 


394  ADDISON  GULICK 

SUMMABT 

1.  During  periods  aggregating  about  three  hundred  and  seventy 
days  on  experimental  diet,  a  person  of  the  difficultly  fattening  type  was 
investigated,  first,  to  determine  the  minimiun  food  required  for  main- 
tenance of  weight  at  the  customary  level;  second,  to  ascertain  whether 
and  to  what  extent  an  excess  of  starchy  food  would  be  stored  by  this 
type  of  person  as  adipose  in  a  long  period  of  superabundant  measured 
diet;  and  third,  to  ascertain  whether  after  the  body  was  returned  to  the 
initial  weight  with  least  possible  loss  of  nitrogen,  any  change  had  occurred 
in  the  minimum  requirement  of  food. 

2.  The  person  was  found  to  owe  his  resistance  against  fattening  to 
an  extravagant  calorie  requirement  which  persisted  at  all  times,  despite 
a  moderate  daily  round  of  activities. 

3.  This  extravagance  increased  during  the  course  of  the  excessive 
carbohydrate  diet,  and  stayed  above  the  initial  level  even  after  the 
return  to  normal  weight. 

4.  The  basal  metabolic  rate  was  not  involved,  but  remained  strictly 
normal. 

5.  The  high  calorie  output  and  consequent  resistance  against  fatten- 
ing may  find  its  explanation  either  in  a  condition  of  nitrogen  enrich- 
ment, or  in  an  upward  variation  of  the  "cost  of  digestion"  (and  assimi- 
lation) of  starchy  food. 
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As  a  preparation  for  work  on  the  acclimatization  of  man  to  a  tropical 
environment  I  conducted  in  1919-20  a  number  of  experiments  on  the 
physiological  behavior  of  mice  in  an  artificially  produced  tropical 
climate.  I  hoped  by  these  experiment?  to  gain  an  insight  into  the 
mechanisms  of  adaptation  that  are  released  by  transfer  to  a  hot  environ- 
ment. During  the  course  of  my  investigation  and  more  so  after  finding 
an  opportunity  to  continue  my  work  under  conditions  actually  pre- 
vailing in  tTie  tropics,  I  have  become  convinced  that  a  considerable 
part  of  research  in  the  climatological  physiology  of  hot  countries  may 
advantageously  be  done  in  temperate  climates.  By  experiments  on 
animals  a  broad  foundation  could  be  built  for  this  science.  When 
results  primarily  applicable  to  man  are  desired  it  becomes,  naturally, 
necessary  to  confirm  these  results  by  anthropological  observations  in 
the  Tropics.  Whien  these  latter,  however,  are  conducted  alone,  the 
difficulty  in  finding  homogeneous  material  and  the  lack  of  synchronous 
controls  will  render  them  difficult  to  interpret.  The  ideal  procedure 
in  work  along  these  lines  is  a  coopx^ration  of  anthropological  observa- 
tion and  animal  experiment. 

So  far  as  I  am  aware,  there  does  not  exist  at  the  present  time  any 
investigation  on  a  large  scale  on  animals  which  have  been  exposed  to 
external  heat  for  several  generations  with  the  physiological  eflFects 
arising  therefrom  in  view.    A  considerable  number  of  observations 
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is  reported  on  the  eflFect  of  exposures  to  heat  of  short  duration.  For 
solving  certain  well-defined  physiological  problenis  such  methods  are 
adequate.  Very  little  of  the  information  so  acquired  can,  however, 
be  applied  to  the  problems  connected  with  the  acclimatissation  of  the 
white  race  to  a  tropical  climate.  Incomparably  more  may  be  learned 
from  series  extending  for  several  generations.  Longer  series  have  been 
reported  by  Przibram  (1)  on  rats  and  by  Simmer  (2)  on  mice  but  both 
these  investigators  have  not  been  concerned  about  the  physiological 
aspects  of  the  problem.  Both  have  discovered  very  interesting  mor- 
phological changes  arising  from  exposure  to  heat  which  still  await  their 
physiological  explanation.  Recently  Steinach  and  Kanunerer  (3) 
have  taken  a  step  in  the  outUned  direction,  but  their  investigation  is 
more  especially  concerned  with  the  sexual  fimctions.  Their  material 
on  growth  is  limited  to  weighings  of  the  members  of  one  litter  and  is, 
natiwally,  entirely  inadequate  for  the  purpose. 

For  the  physiological  interpretation  of  environmental  experiments 
it  is  desirable  to  maintain  as  closely  as  possible  a  fixed  difference  in 
temperatiwe  between  the  hot  series  and  the  controls.  Simmer  paid 
very  little  attention  to  this  prerequisite.  The  diflference  in  temperature 
between  his  cold  and  warm  room  series  was  very  variable  and  reached 
sometimes  18°C.  No  attention  was  paid  to  the  humidity  of  the  air. 
The  temperature  of  the  cold  room  was  probably  below  the  optimal  range 
for  the  physical  welfare  of  mice,  which  would  explain  the  fact  that 
Sumner  failed  to  discover  any  appreciable  difference  in  growth  between 
his  heat  mice  and  his  controls.  On  the  other  hand,  the  Vienna  investi- 
gators have  in  their  experiments  adopted  the  incubator  principle  and 
kept  their  rats  at  constant  temperature  and  humidity.  As  considerable 
variations  may  occur  in  an  actual  tropical  climate  and  as  it  has,  fur- 
thermore, been  shown  that  mice  thrive  better  when  the  temperature  is 
sUghtly  variable  (4)  I  have  in  my  experiments  avoided  constant  tempera- 
tures, but  at  the  same  time  insisted  upon  a  constant  interval  between 
the  temperatures  in  the  hot  and  temperate  room. 

I  was  fortunate  in  securing  breeding  mice  for  my  investigation  from 
a  stock  that  for  five  years  had  been  promiscuously  bred  and  thoroughly 
observed  by  Professor  Robertson  and  later  by  Doctor  Hagedoom. 
The  former  has  pubUshed  extensive  data  on  the  normal  growth  and 
fertiUty  of  these  mice  (5).  His  work  has  served  me  as  a  model.  My 
thanks  are  due  for  personal  advice  and  for  the  encouragement  Doctor 
Robertson  has  given  me.  I  am  also  indebted  to  Doctor  Hagedoom 
for  many  suggestions  in  connection  with  my  work. 
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Robertson  (6)  has  furnished  statistical  evidence  to  show  that  the 
variability  of  his  mouse  stock  decreased  progressively.  Since  the 
variability  of  weight  of  my  control  animals,  as  I  hope  to  show  in  this 
paper,  was  still  smaller  than  in  Robertson's  1916  series,  I  venture  to 
maintain  that  the  genetical  homogeneity  of  my  mice,  at  least  as  far  as 
their  size  is  concerned,  was  as  complete  as  can  be  wished  for  in  work 
of  this  sort.  This  homogeneity  was  further  enhanced  by  the  precaution 
I  took,  in  making  up  various  series,  to  divide  equally  a  nimxber  of  Utters 
among  them.  The  total  number  of  animals  was  in  the  neighborhood 
of  one  thousand.  Approximately  half  of  this  Jiumber  were  employed 
for  growth  studies.  The  rest  were  used  for  various  other  experiments, 
the  results  of  which  will  be  reported  in  subsequent  papers. 

Although  my  principal  object  in  view  was  to  compare  the  growth  of 
mice  that  either  had  been  brought  into  the  hot  room  at  an  early  age — as  a 
rule  when  3  weeks  old — or  which  were  bom  in  the  same  environment, 
with  the  growth  of  mice  that  were  continuously  kept  at  ordinsb'y  room 
temperature,  I  added  to  my  program  a  nimxber  of  other  series  which 
I  hoped  might  elucidate  the  r61e  such  climatic  factors  as  light  and  cir- 
culation of  air  play  in  the  adaptation  to  a  tropical  climate.  In  addition 
to  the  control  series  that  was  reared  in  subdued  light  I  kept  in  the 
"temperate"  room  two  other  series,  "immigrants"  and  "descendants" 
(when  these  terms 'are  used  in  my  papers  they  mean  mice  that  were 
transferred  to  the  new  environment  when  3  weeks  old  and  mice  that 
were  bom  there,  respectively)  in  which  the  animals  were  exposed  to  the 
radiation  of  strong  artificial  Ught.  In  the  hot  room  two  corresponding 
series  of  "light"  mice  were  kept.  The  effect  of  air  in  motion  was 
studied  only  in  the  hot  room  and  in  subdued  light.  The  "hot,  still 
air,  subdued  Ught,  descendant"  series  was  divided  in  three  subseries 
corresponding  to  four  succeeding  generations  of  mice.  The  second  of 
these  subseries  consisted  of  mice  from  the  second  and  third  generations, 
whose  growth  curves  were  identical  and  which,  because  of  small  abso- 
lute numbers,  have  been  considered  together. 

The  "  tropical"  room  had  an  air  capacity  of  6J  cu.  m.  which  is  approxi- 
mately the  same  as  the  size  of  the  rooms  the  Vienna  biologists  employed 
for  their  heat  experiments.  It  was  fitted  with  double  waUs,  which  were 
separated  by  an  air  space.  It  further  had  a  double  door  and  a  double 
window.  The  inner  waU  and  the  inner  door  were  covered  with  heat 
insulating  material.  Although  no  draught  could  be  detected,  the  slow 
passage  of  air  through  the  walls  seemed  to  be  sufficient  for  ventilation. 
No  appreciable  rise  of  carbon  dioxide  was  found,  which  probably  was 
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due  to  the  comparatively  small  number  of  mice  that  simultaneously 
occupied  the  room. 

The  heating  of  the  room  was  accomplished  by  an  electric  hot  plate, 
the  heat  of  which  could  be  regulated  according  to  the  outside  tempera- 
ture. By  exercising  some  care  in  observing  the  temperature  changes, 
especially  in  summer,  I  succeeded  in  keeping  the  dry  bulb  temperature 
of  the  hot  room  close  to  10°C.  above  the  temperature  of  the  room  where 
the  control  series  were  kept.  This  latter  was  steam  heated  in  winter. 
The  high  hiunidity  of  the  ''tropical"  room  was  in  the  beginning  main- 
tained by  a  dropping  device,  drops  of  distilled  water  of  regulated  size 
faUing  direct  on  the  hot  plate.  Later  it  was  found  that  a  large  basin 
filled  with  water  and  placed  on  the  hot  plate  served  the  same  purpose. 

The  table  below  embodies  observations  of  the  dry  and  wet  bulb 
readings  taken  continuously  in  January  and  February,  1919. 


• 

DRT  BULB  TEMPERATURE 

WI?r  BULB  TEMPER  ATURK 

Maxi- 
mum 

Mini- 
mum 

Aver- 
age 

Maxi- 
mum 

Mini- 
mum 

Aver^ 
age 

Temperate  room 

a.m \ . 

22.7 
26.8 

13.0 
21.1 

18.3 

23.7 

16.8 
20.6 

9.3 
16.0 

13.5 

n.m 

18.2 

Average 

24. S 

17.1 

21.0 

18.7 

12.7 

15.9 

Hot  room 

a.m 

31.5 
38.0 

23.8 
29.4 

29.2 
34.4 

29.7 
33.0 

19.8 
26.0 

25.3 

p.m 

30.4 

Average 

34.8 

26.6 

31.8 

31.4 

22.9 

27.9 

Another  series  of  observations  taken  in  1920  rendered  the  same  dry 
bulb  averages  and  ranges  but  a  slightly  lower  humidity.  Thermograph 
records  were  taken  for  long  periods  of  time  and  the  results  that  w^ere 
calculated  from  them  confirmed  the  figures  obtained  from  dry  bulb 
observations  in  the  accurate  series. 

The  source  of  light  in  the  experiments  consisted  of  "Mazda"  globes. 
Two  60  watt  lamps  were  employed  in  the  temperate  room  and  a  100 
watt  one  in  the  hot  room.  The  globes  were  suspended  about  50  cm. 
above  the  bottom  of  the  cages.  The  light  was  turned  on  in  the  morn- 
ing and  ofiF  at  night.  I  admit  that  my  imitation  of  the  tropical  sun 
was  far  froi?i  ideal.  I  believe,  however,  that  the  employment  of  an 
arc  lamp  or  other  light  of  a  spectral  composition  that  would  more  closely 
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have  resembled  sunlight  would,  for  albino  mice,  have  been  contrain- 
dicated.  I  am  inclined  to  the  view  that  the  amount  of  light  that  pene- 
trated into  deeper  tissues  was  as  large  in  these  experiments  on  mice  as 
may  occur  in  man  when  exposed  to  the  tropical  sun.  It  has  been  found 
that  tungsten  light  contains  an  appreciable  percentage  of  shorter  waves. 
The  incipient  pigmentation  that  was  observed  in  a  number  of  "Hght" 
mice  which  will  be  reported  in  another  paper  of  this  series,  and  further 
the  indisputable  effect  of  the  light  on  the  growth  curves  o{  the  mice, 
bear  evidence  that  the  Kght  radiation  per  se  was  capable  of  producing 
physiological  effects.  The  different  methods  the  mice  invented  to 
protect  themselves  further  proves  that  they  felt  strongly  the  impact 
of  the  light.  It  was,  e.g.,  a  common  sight  to  see  all  the  mice  in  a  cage 
side  by  side  outstretched  on  their  backs  with  the  feet  across  their  bellies. 
The  ventilating  system  for  the  "wind"  experiments  consisted  of  an 
electric  wall  fan,  about  30  cm.  in  diameter,  suspended  in  horizontal 
position  25  cm.  above  the  bottom  of  the  cages.  The  lower  end  of  its 
case  was  fitted  into  a  hole  in  the  top  of  a  wooden  box,  one  side  of  which 
was  removed.  The  air  entered  through  a  cylindrical  paste  board  ex- 
tension of  the  fan  case  that  almost  reached  the  ceiling  of  the  room. 
The  air  was  then  blown  through  the  open  side  of  the  box  in  a  direction 
that  was  opposite  to  the  place  where  the  "still  air"  cages  were  kept. 
A  circular  air  current  was  thus  estabUshed.  By  repeated  tests  I  found 
that  other  parts  of  the  room  were  protected  from  the  draught. 

As  mouse  cages  I  employed  grey  enameled  wash  basins,  11  inches  in 
diameter,  which  were  covered  with  a  wire  net,  three  meshes  to  an  inch. 
The  bottom  of  the  cage  was  covered  with  sawdust,  which  was  changed 
at  frequent  intervals.  In  the  "light"  series  the  food  was  put  into  the 
cage,  in  others  it  was  placed  on  top  of  the  wire  net.  In  the  majority 
of  cages  about  half  a  dozen  animals  were  confined  in  each  cage.  Double 
this  number  was  sometimes  kept  in  the  "light"  and  "wind"  cages  with- 
out any  bad  effects  on  the  inmates.  In  most  of  these  series  a  stimula- 
tion of  growth  was  evident,  which  would  hardly  have  occurred  if  any 
impairment  of  their  physical  welfare  had  resulted  from  overcrowding. 
The  food  of  the  mice  was  strictly  homogeneous  throughout  the  investi- 
gation and  the  same  for  all  series.  It  consisted  chiefly  of  a  mush  that 
was  freshly  prepared  every  morning  of  yellow  com  meal,  6  parts;  rice, 
2  parts;  rolled  barley,  2  parts,  and  powdered  meat  scraps,  1  part.  The 
mush  was  given  in  the  forenoon.  In  the  afternoon  a  handful  of  fresh 
roUed  barley  was  strewn  into  each  cage.  Greens  were  supplied  once  or 
twice  a  week.    All  the  mice  had  access  to  water,  which  was  suppUed 


Digitized  by 


Google 


402  .  £.   S.   SUNDSTROEM 

by  the  drop-tube  method.  The  normal  growth  of  the  control  series 
seems  to  prove  that  the  mice  were  properly  fed.  To  insure  this  I 
further  practised  the  rule  of  giving  them  a  surplus  of  food  in  excess  of 
their  consimxption. 

The  general  health  of  the  mice  was  very  good;  no  cases  of  infectious 
diseases  occurred  in  the  mouse  colony.  All  the  deaths  were,  as  far  as 
I  could  ascertain,  caused  either  by  malnutrition  in  newly-born  mice  or 
by  accidental  causes  such  as  wounds  received  in  fighting  or  overheating 
in  older  mice.  A  parasitological  survey  of  a  number  of  feces  and  in- 
testinal contents  revealed  nothing  exceptional. 

The  yoimg  mice  were  separated  from  their  mothers  when  they  were 
3  weeks  old.  Since  it  proved  impossible  to  obtain  a  sufficient  number 
of  "descendant"  mice  in  the  hot  room  from  conceptions  taking  place 
there,  I  was  compelled  to  introduce  a  number  of  females  in  a  pregnant 
state  in  order  to  fill  my  "descendant"  series. 

Because  of  the  meager  information  available  on  the  effect  of  the 
climatic  environment  on  the  velocity  of  growth  it  has  been  customary  to 
attribute  differences  in  ph3rsical  develojpment  to  nutritional  and  in  man 
also  to  sociological  factors  (7).  Certain  facts  seem  to  indicate,  how- 
ever, that  the  climate  may  play  an  important  r61e  in  this  respect.  It 
has  been  found  in  cooler  climates  that  the  principal  part  of  the  growth 
of  children  takes  place  during  summer  (8).  In  some  as  yet  unpub- 
Ushed  investigations  on  the  growth  of  children  of  Scandinavian  parentage 
in  Califomia  I  observed  an  acceleration  of  the  third  growth  cycle  in 
comparison  with  children  from  well-to-do  classes  in  Scandinavia  in 
which  no  undernutrition  can  be  suspected  to  occur.  Zoologists  have 
further  presented  evidence  to  show  that  species  of  animals  that  inhabit 
a  wide  area  decrease  in  size  toward  the  equator  (9). 

As  known,  the  third  growth  cycle  coincides  with  the  maturing  of 
the  sexual  organs.  The  time  of  the  first  menstruation  in  females  forms 
a  convenient  measure  of  this  event.  It  has  been  anthropologically  and 
experimentally  proven  by  Steinach  and  Kammerer  (3)  that  an  increase 
in  external  temperature  stimulates  the  endocrinal  mechanism  that 
regulates  the  sexual  development.  These  authors  have  further  demon- 
strated that  while  a  stimulation  may  take  place  up  to  a  certain  point, 
beyond  this  point  a  retardation  may  set  in.  Stefansson  (10)  has  re- 
cently added  valuable  observations  that  confirm  these  conceptions. 
He  points,  namely,  to  the  fact  that  menstruation  commences  in  Eskimo 
girls  at  an  age  of  10  to  13  years  and  attributes  this  to  the  tropical  tem- 
perature that  is  maintained  in  the  Eskimo  huts. 
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When  the  heat  is  combined  with  high  humidity  it  may  be  anticipated 
that  the  stimulation  due  to  temperature  may  be  counterbalanced 
by  factors  working  in  an  opposite  direction,  primarily  by  the  checking 
effect  the  tropical  climate  has  on  the  output  of  heat  from  the  body. 
Sufficient  evidence  exists  to  show  that  several  mechanisms  may  be 
operating  in  the  interest  of  the  organism  to  adjust  the  disproportion 
between  heat  production  and  heat  output.  The  chemical  heat  regu- 
lation, imdoubtedly,  in  small  animals  plays  an  important  r61e  in  this 
respect  (11).  Some  observers  contend  that  the  basal  metaboUsm  even 
of  man  may  be  diminished  in  the  Tropics  (12).  The  same  purpose 
may  be  attained  by  an  enlargement  of  the  cooling  surface.  In  the 
next  pi^r  the  possibility  of  modifications  of  the  body  capable  of  pro- 
ducing a  larger  skin  area  will  be  discussed  at  length.  In  this  connection 
it  suffices  to  point  out  that  a  suppression  of  growth  would  answer  the 
same  purpose,  rendering  the  body  area  relatively  larger. 

Robertson  (13)  has  discussed  the  statistical  methods  that  enable 
the  biologist  to  decide  whether  the  number  of  animals  employed  is  suffi- 
cient for  the  purj)ose  in  view.  If  an  accuracy  of  1  per  cent  is  required 
the  formula  reads 


AT-  J 


100  X  0.6745  X  <r 
A/ 


where  N  is  the  number  of  variates  sought,  M  the  mean  and  <r  the  stand- 
ard deviation.  Only  a  few  of  my  weight  series  reach  this  high  degree 
of  accuracy.  I  have  therefore  deemed  it  necessary,  when  comparing 
the  growth  curves,  to  express  the  difference  between  each  pair  of  them 
in  terms  of  the  probable  error  of  the  same  difference.  These  multiples 
of  the  probable  errors  have  been  plotted  as  curves. 

The  mice  were  weighed  at  weekly  intervals,  in  the  forenoon  before 
feeding.  The  weights  were  recorded  to  the  nearest  tenth  of  a  gram. 
My  growth  studies  cover  the  principal  part  of  the  growth  period  up  to 
20  weeks  of  age.  A  part  of  the  material  was  weighed,  however,  only 
until  they  were  12  or  13  weeks  old.  The  growth  curves  for  the  animals 
that  were  weighed  above  this  age  form  a  direct  continuation  of  the 
curves  for  the  larger  material  below  the  same  age,  which  probably  is 
due  to  the  homogeneity  of  my  mouse  colony. 

The  results  of  my  growth  studies  are  collected  in  tables  1  to  4. 
Tables  1  and  2  contain  the  average  weights  for  each  week  from  the 
third  to  the  twentieth.  Tables  3  and  4  contain  data  on  the  variability 
of  the  body  weights. 
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The  data  from  tables  1  and  2  are  plotted  in  two  graphs,  no.  1  for  male 
and  no.  2  for  female  mice.  These  curves  obviously  do  not  require  any 
explanation.  Figures  3,  4  and  5  give  in  form  of  curves  all  the  data 
required  to  add  statistical  weight  to  the  averages.    These  data  have 

TABLE  1 
Average  weight  of  male  mice 


TEMPERATE  ROOM 

ROT  ROOM 

Light 

Stagnant  air                                   1 

1 

6 
6 

5 

Subdued  light 

Light 

5 

1^ 

Descendants 

■A 

Wind 

, 

1 
genera- 
tion 

2  +  3 
genera- 
tions ' 

4 
genera- 
tions 

Number  weighed 

32 

24 

26 

43 

66 

22 

14 

11 

11 

16 

aoe,  voed9B 

3 

6.6 

6.0 

8.1 

7.3 

7.4 

6.7 

6.2 

6.3 

5.6 

7.4 

4 

9.4 

9.7 

11.9 

9.7 

10.1 

8.7 

8.5 

8.4 

7.5 

9.5 

5 

12.3 

13.0 

15.7 

11.9 

12.0 

ii.d 

12.3 

9.1 

10.0 

11.8 

6 

14.4 

16.4 

18.2 

13.0 

15.1 

12.3 

14.6 

10.8 

10.9 

13.7 

7 

16.7 

18.2 

20.6 

13.8 

17.2 

14.2 

16.2 

12.8 

15.0 

8 

18.9 

19.5 

21.9 

16.0 

18.6 

15.8 

15.0 

17.6 

9 

20.7 

20.3 

22.7 

17.5 

19.9 

16.5 

17.1 

19.1 

10 

20.7 

20.9 

23.1 

19.0 

20.8 

17.4 

17.2 

20.2 

.    11 

21.2 

21.6 

23.5 

19.4 

20.8 

18.2 

18.4 

22.4 

12 

21.7 

22.0 

23.9 

20.2 

21.9 

19.2 

22.6 

Number  weighed 

13 

21 

17 

14 

19 

11 

00^,  weehM 

13 

22.1 

22.5 

24.2 

21.2 

21.4 

22.1 

14 

23.5 

22.8 

24.2 

21.1 

20.9 

22.7 

15 

23.8 

23.5 

24.6 

21.3 

22.0 

23.2 

16 

23.8 

23.9 

25.2 

21.7 

22.6 

23.1 

17 

24.2 

24.1 

25.4 

22.0 

22.1 

23.2 

18 

24.0 

23  9 

26.1 

22.2 

22.2 

23.4 

19 

24.2 

24.1 

24.9 

22.3 

23.8 

20 

24.3 

25.5 

25.6 

22.5 

25.1 

already  been  explained  as  consisting  of  multiples  of  the  probable  error  of 
the  difference  between  the  averages.  The  curves  have  been  drawn  with 
the  age — ^in  weeks — plotted  on  the  abscissa  and  the  multiples  of  the 
probable  error  on  the  ordinates.    The  position  of  the  curve  above  the 
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abscissa  indicates  a  stimulation  of  growth  in  comparison  with  the  series 
of  mice  that  in  the  special  case  has  been  accepted  as  control,  a  position 
below  the  abscissa  means  retardation  of  growth.  For  a  single  curve  a 
deviation  of  three  to  four  times  the  probable  error  is  desirable  in  order 


TABLE  2 
Average  weight  of  female  mice 


TEMPERATE  ROOM 

HOT  BOOM 

1 

Light 

Stagnant  air 

.9 

a 

1 

S 
S 

3 

Subdued  light 

Light 

it 

Descendants 

.J 

|l 

Wind 

1 
genera- 
tion 

2  +  3 
genera- 
tions 

4 
genera- 
tions 

Number  weiched 

34 

10 

27 

45 

36 

24 

11 

23 

24 

14 

age,  week* 

3 

6.3 

6.3 

7.6 

7.5 

6.7 

5.9 

6.0 

6.8 

6.4 

7.7 

4 

9.7 

10.6 

11.1 

9.7 

9.5 

7.7 

8.5 

9.5 

8.5 

9.4 

6 

12.4 

13.7 

14.5 

11.7 

12.1 

9.6 

12.4 

10.6 

10.4 

11.7 

6 

14.4 

16.1 

15.8 

13.1 

13.9 

10.9 

13.4 

11.2 

11.5 

13.0 

7 

15.9 

16.7 

17.1 

14.5 

15.1 

12.0 

14.8 

12.6 

12.0 

14.2 

8 

17.4 

17.5 

17.9 

15.9 

16.0 

13.0 

14.2 

14.2 

15.4 

9 

18.5 

18.9 

18.9 

16.6 

17.7 

13.6 

15.2 

15.4 

16.7 

10 

19.0 

18.9 

19.6 

17.2 

17.8 

14.8 

15.6 

16.4 

17.9 

11 

19.8 

19.4 

19.8 

17.9 

17.9 

16.2 

16.4 

17.5 

18.5 

12 

20.2 

20.0 

20.3 

18.5 

18.0 

15.9 

16.9 

18.0 

19.4 

Number  weighed 

14 

7 

16 

17 

19 

10 

age,  weeks 

13 

20.6 

20.6 

20.9 

18.4 

18.3 

17.1 

17.9 

18.3 

14 

21.1 

20.4 

20.7 

18.1 

18.2 

19.6 

15 

20.9 

21.0 

21.7 

18.7 

17.8 

18.5 

16 

21.0 

21.6 

21.3 

18.6 

19.4 

19.7 

17 

21.6 

22.2 

22.1 

18.4 

18.1 

19.4 

18 

21.8 

22.1 

22.3 

18.1 

17.9 

19.6 

19 

22.4 

22.7 

21.3 

18.5 

20.1 

20 

22.7 

22.5 

22.9 

20.0 

20.6 

to  insure  that  very  small  chances  exist  that  the  observed  difference  is 
not  a  true  one.  These  chances  are  for  three  times  the  probable  error 
1:21  and  for  four  times  the  same  error  1:142.  If,  however,  the  male 
and  the  female  curves  are  both  located  on  the  same  side  of  the  abscissa 
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smaller  deviations  of  these  curves  may  be  significant  as  adding  a  further 
weight  to  the  averages. 

In  figure  3  the  growths  of  the  two  "temperate,  light"  series  and  the 
"hot,  stagnant  air,  subdued  light,  immigrant"  series  have  been  com- 
pared with  the  "temperate,  subdued  light"  series  as  control.  In  figure 
4  the  "hot,  stagnant  air,  subdued  light,  immigrant"  series  serves  as  a 

TABLES 
Variability  of  weight  in  male  mice 


TBMPKBATB  BOOM 

qOT  BOOM 

Controls 

Light 

Stagnant  air 

▲QB 

5 

j 

Subdued  light 

Light 

Descendants 

Wind 

1 

Immi- 
grants 

descend- 
ants 

1 
generation 

2  +  3 
genera- 
tions 

Vf€dU 

3 

23.2 

(11.7) 

21.1 

23.7 

29.5 

28.8 

18.4 

17.9 

4 

22.3 

19.6 

19.5 

19.4 

22.6 

23.2 

19.6 

20.8 

5 

19.4 

15.4 

12.5 

20.9 

19.2 

20.5 

15.9 

19.7 

6 

20.3 

9.8 

11.6 

21.9 

18.9 

19.1 

17.8 

21.2 

7 

19.1 

9.2 

9.3 

23.8 

19.2 

14.2 

17.7 

21.5 

8 

14.2 

7.4 

7.8 

20.7 

17.0 

16.0 

17.7 

20.1 

9 

10.2 

7.6 

7.7 

17.2 

13.6 

14.7 

14,0 

16.6 

10 

9.2 

7.1 

8.0 

16.3 

13.6 

12.1 

12.3 

13.4 

11 

8.0 

6.7 

6.2 

15.0 

12.9 

16.8 

10.2 

11.8 

12 

7.1 

7.2 

7,1 

14.0 

11.6 

11.8 

13 

7.7 

7.3 

7.1 

13.2 

10.0 

11.0 

14 

7.7 

7.5 

7.9 

9.1 

11.2 

10.7 

16 

8.2 

7.6 

8.0 

9.5 

9.4 

10.6 

16 

7.9 

8.8 

8.0 

9.7 

11.4 

9.8 

17 

7.6 

9.3 

6.5 

9.2 

11.3 

11.0 

18 

8.3 

9.1 

7.7 

7.0 

10.4 

13.0 

19 

(4.7) 

9.7 

7.1 

6.8  • 

12.0 

20 

(4.9) 

9.4 

8.2 

(5.7) 

10.4 

base  line  and  the  curves  correspond  to  the  "hot  descendant"  series  of 
the  first  and  later  generations  and  to  the  "hot,  wind"  series.  Finally, 
in  figure  5  three  pairs  of  various  "descendant"  series  are  compared  with 
the  corresponding  "inmiigrant"  series  as  base  Une. 

The  material  at  our  disposal  does  not  seem  to  leave  any  doubt  that 
the  radiation  of  Ught  acted  as  a  stimulant  to  the  growth  of  those  mice 
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that  were  exposed  to  light  at  ordmary  room  temperature.  This  applies 
particularly  to  those  mice  which  were  bom  in  that  specified  environment. 
The  difference  in  weight  between  the  "light"  and  control  series  seems 
to  diminish  with  increasing  age.  It  is  impossible  to  decide  to  what 
extent  the  effect  of  light  on  growth  may  be  due  to  the  heat  rajrs  and 
how  much  to  rays  of  a  short  wave  length.    The  possibility  that,  e.g., 

TABLE  4 
VaridbUity  of  xveight  in  female  mice 


•     TKlfPKaATB  BOOM 

HOT  BOOM 

ControlB 

Light 

Stacnant  air 

AOB 

_ 
M 

1 

Subdued  light 

Light 

Immi- 
grants 

Deeoendants 

Immi- 
grants 

Descend- 
ants 

Wind 

1 
genera- 
tion 

2  +  3 

genera- 

ttona 

wedu 

3 

24.3 

21.7 

26.3 

30.0 

20.3 

21.0 

17.5 

21.7 

4 

20.1 

12.5 

18.3 

22.9 

24.1 

16.8 

21.8 

15.9 

24.9 

5 

18.1 

10.3 

14.8 

21.4 

17.8 

17.0 

18.1 

10.9 

24.9 

6 

16.2 

10.5 

11.4 

20.6 

17.6 

17.1 

13.5 

13.3 

28.3 

7 

13.3 

6.3 

10.8 

18.1 

15.3 

18.5 

IS. 3 

14.3 

28.6 

8 

12.6 

6.5 

8.7 

16.7 

14.5 

18.4 

14.4 

11.4 

25.2 

9 

11.4 

8.9 

9.3 

16.2 

13.0 

18.5 

12.5 

9.7 

19.3 

10 

11.4 

7.0 

9.0 

15.2 

11.9 

18.7 

15.1 

7.7 

17.6 

11 

10.1 

7.5 

7.4 

15.8 

13.1 

17.2 

13.2 

8.6 

16.0 

12 

10.4 

7.7 

7.5 

15.7 

13.2 

17.0 

13.4 

7.7 

15.6 

13 

10.6 

7.1 

7.3 

14.4 

14.0 

12.0 

7.7 

(21.2) 

14 

9.4 

7.5 

8.8 

(21.2) 

14.1 

11.7 

15 

10.9 

6.9 

7.1 

15.2 

12.4 

18.2 

16 

10.1 

6.6 

7.4 

15.4 

11.9 

8.5 

17 

7.4 

6.8 

5.0 

16.3 

12.2 

9.5 

18 

7.4 

7.0 

8.6 

15.4 

10.6 

10  2 

19 

7.8 

5.6 

16.7 

10.5 

20 

(9.3) 

9.4 

15.9 

10.9 

a  greater  amount  of  exercise  of  the  "light"  animals  may  have  contrib- 
uted to  the  stimulation  of  growth  can  be  excluded.  It  was  found 
that  these  mice  rested  for  at  least  as  long  periods  of  time  as  the  controls. 
The  physical  development  of  mice  that,  when  3  weeks  old,  were 
transferred  to  the  "tropical"  room  and  there  kept  in  a  stagnant  hot 
atmosphere,  was  uniformly  retarded.    These  experimental  results  are 
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in  full  agreement  with  what  might  have  been  expected.  Mice  that'are 
bom  in  the  hot  environment  diflfer  from  the  "immigrants"  in  that  their 
growth  curve  in  its  earUer  part  is  at  a  considerably  higher  level  Mid 
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Fig.  1.  Comparison  of  growth  of  male  mice.  Average  weights.  C  =  Controls; 
LI  =  light,  immigrants;  LD  =  light,  descendants;  HI  =  heat,  stagnant  air, 
subdued  light,  immigrants;  HD^  =  heat,  stagnant  air,  subdued  light,  descendants, 
1st  generation;  HD*^^  =»  heat,  stagnant  air,  subdued  light,  descendants,  2nd  and 
3rd  generation;  HD^  =  heat,  stagnant  air,  subdued  light,  descendants,  4th  genera- 
tion; W  =  heat,  wind;  HLI  =  heat,  stagnant  air,  light,  immigrants;  HLD  = 
heat,  stagnant  air,  light,  descendants. 

coincides  with  the  control  curve  at  least  as  far  as  the  males  are  concerned. 
At  a  more  advanced  age  the  ''descendants"  seem  to  cease  to  grow  until 
their  curve  coincides  with  the  ''immigrant"  curve. 
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In  the  next  two  generations  of  mice  bom  in  the  hot  room  we  miss 
the  initial  stage  of  comparatively  rapid  growth  and  the  whole  curve 
rpmains  low,  especially  for  the  females.  This  would  possibly  indicate 
that  in  these  generations  the  unfavorable  effect  of  the  new  environ- 
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Fig.  2.  Comparison  of  growth  curves  of  female  mice.  Average  weights.  C  = 
Controls;  LI  =  light,  immigrants;  LD  =  light,  descendants;  HI  =  heat,  stagnant 
air,  subdued  light,  immigrants;  HD^  =  heat,  stagnant  air,  subdued  light,  descen- 
dants, 1st  generation;  ffD*+*  =  heat,  stagnant  air,  subdued  light,  descendants, 
2nd  and  3rd  generations;  HD*  =  heat,  stagnant  air,  subdued  light,  descendants, 
4th  generation;  W  =  heat,  wind;  HLI  =  heat,  stagnant  air,  light,  immigrants; 
HLD  =  heat,  stagnant  air,  light,  descendants. 

ment  becomes  manifest.  It  is  regrettable  that  the  study  of  the 
fourth  generation  was  continued  only  until  the  seventh  week.  The 
considerable  rise  in  the  growth  curve  of  this  generation  may  signify  that 
at  this  point  of  racial  adaptation  the  adjustment  of  the  energy  balance 
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had  been  taken  over  by  other  efficient  mechanisms  so  as  to  allow  the 
growth  to  proceed  at  a  velocity  that  approaches  the  normal. 

We  have  seen  that  radiation  of  Ught  stimulates  physical  developmex^t 
when  the  environmental  conditions  otherwise  are  favorable  for  a  normal 


/?  WEEKS 


Fig.  3.  Comparison  of  growth  curves  of  "light"  and  "heat,  immigrant''  mice 
with  control  mice.  Multiples  of  probable  error  of  difiFerenoe,  E,  between  average 
weights.  C  »  Controls;  LI  &  —  light,  immigrants,  males;  U9  »  light,  inmii- 
grants,  females;  LDcT  "=»  light,  descendants,  males;  LD9  »  light,  descendants, 
females;  HI  d  -  heat,  stagnant  air,  subdued  light,  immigrants,  males;  HD^  » 
heat,  stagnant  air,  subdued  light,  immigrants,  females. 

output  of  heat.  When  these  conditions  are  not  present,  e.g.,  when 
the  animals  are  confined  to  a  hot  room  with  stagnant  air  the  dispropor- 
tion between  heat  production  and  heat  output  becomes  so  great  that 


Digitized  by 


Google 


ADAPTATION  OF  ALBINO  MICE  TO  TROPICAL  ENVIRONMENT       411 

the  organism  reacts  with  retardation  of  growth  in  a  degree  that  exceeds 
the  retardation  in  heat  without  the  addition  of  light. 


1V£EKS 


Fig.  4.  Comparison  of  growth  curves  of  "heat,  stagnant  air,  descendants" 
and  "wind"  mice  with  "heat,  immigrant"  mice.  Multiples  of  probable  error 
of  difference,  E^  between  average  weights.  HI  -  heat,  stagnant  air,  subdued 
light,  inmiigrants;  HD^d^  =  heat,  stagnant  air,  subdued  light,  descendants, 
Ist  generation,  males;  HD^9  =  heat,  stagnent  air,  subdued  light,  descendants, 
let  generation,  females;  ^D*+'cf  =  heat,  stagnant  air,  subdued  light,  descen- 
dants, 2nd  and  3rd  generations,  males;  HD*"^*  9  ~  heat,  stagnant  air,  subdued  lights 
descendants,  2nd  and  3rd  generations,  females;  WcT  —  heat,  wind,  males;  W9 
»  heat,  wind,  females. 

It  has  repeatedly  been  found  that,  when  the  air  is  in  motion,  the 
overheating  of  the  body  which  otherwise  would  occur  in  humid  heat,, 
is  prevented.    The  effect  of  wind  on  growth  has,  as  far  as  I  know,  not 
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been  subjected  to  experimental  investigation.  My,  results  in  this 
respect  point  to  a  favorable  influence.  Although  my  material  is  rather 
limited  and  the  ''wind"  curves  in  figure  4,  therefore,  do  not  deviate 
as  much  from  the  base  line  as  would  be  desirable  in  order  to  definitely 
settle  the  problem,  the  fact  that  both  the  "male"  and  "female"  curves 
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Fig.  5.  Comparison  of  growth  curves  of  "immigrant"  and  ** descendant"  mice 
in  same  environment.  Multiples  of  probable  error  of  difference,  Ey  between 
average  weights.  /  =  Immigrant  mice  jLDcT  =  light,  descendants,  males  ;LD  9  = 
light,  descendants,  females;  HD^d^  =  heat,  stagnant  air,  subdued  light,  de- 
scendants, 1st  generation,  males;  HD^  9  =  heat,  stagnant  air,  subdued  light, 
descendants,  1st  generation,  females;  HLDd^  =  heat,  stagnant  air,  light,  descen- 
dants, males;  HLD  9  =  heat,  stagnant  air,  light,  descendants,  females. 

are  located  on  the  plus  side  justifies  us  in  assuming  that  circulation  of 
air  may  play  an  important  role  in  promoting  the  well-being  of  growing 
animals.  In  the  interest  of  the  physiological  hygiene  of  the  Tropics 
this  phase  of  the  subject  deserves  a  thorough  re-investigation. 

It  is  a  fact  well  known  to  students  of  the  racial  biology  of  white 
settlers  in  tropical  countries  that  women  are  liable  to  suffer  more 
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from  the  heat  than  men  do.  Although  hygienic  and  social  con- 
ditions may  contribute  to  this  difference  in  the  power  of  adaptation 
between  the  sexes,  the  possibiUty  is  not  excluded  that  the  difference 
might  have  a  biological  significance.  The  fact  that  the  female  mice 
in  my  series  reacted  to  the  humid  heat  by  a  far  greater  retardation 
of  growth  and  also  exhibited  less  resistance  in  other  respects  to  the 
new  environment,  deserves  therefore  to  be  mentioned.  While  the  fe- 
males seem  to  be  more  susceptible  to  agencies  retarding  growth,  the 
male  sex  is  apparently  more  easily  affected  by  factors  that  neutrahze 
the  unfavorable  environment. 

Sufficient  material  seems  to  be  at  our  disposal  to  disclose  a  marked 
difference  in  growth  between  mice  that  were  transferred  to  a  new 
environment  when  in  a  growing  state,  and  mice  that  were  born  in  the 
same  environment  from  "immigrant"  parent*.  This  applies  to  cli- 
matic environments  characterized  by  humid  heat,  radiant  energy  or 
both.  A  glance  at  figures  1,  2  and  5  will  elicit  this  remarkable  fact. 
In  such  of  the  three  environments  in  which  'immigrants"  and  "de- 
scendants" are  compared  the  growth  of  the  latter  is  more  rapid.  The 
degree  of  this  difference  between  the  generations  seems  to  be  propor- 
tional to  the  favorability  of  the  environment. 

Robertson  (14)  has  published  data  that  indicate  that  the  retardation 
of  growth  that  occurs  in  children  as  a  result  of  an  unfavorable  environ- 
ment is  accompanied  by  a  low  variability  of  weight.  This  rule  does 
not  apply  to  our  present  study  with  exception  possibly  of  the  female 
mice  that  were  bom  in  the  hot  room  and  from  birth  exposed  to  strong 
light.  In  all  the  other  hot  room  series  the  variability  of  weight  is 
uniformly  high.  It  is  probable  that  this  phenomenon  may  be  the 
criterion  of  the  existence  of  opposing  climatic  factors,  some  accelera- 
tors and  others  depressors  of  growth.  When  one  of  these  groups  of 
factors  gains  the  upper  hand  the  variability  of  weight  seems  to  drop. 
The  low  variability  of  weight  of  mice  that  in  the  temperate  room  were 
exposed  to  light  forms  an  illustration  of  the  effect  of  the  addition  of  a 
single  factor  acting  as  a  growth  stimulant. 

My  data  concerning  the  fertility  of  the  mice  in  the  hot  environment 
are  limited.  Since  they  give  an  idea  of  the  relative  fertility  in  several 
succeeding  generations  they  deserve,  however,  to  be  reported.  The 
total  number  of  young  born  to  twelve  females  that  were  transferred 
to  the  hot  room  in  a  pregnant  state  was  63.  The  average  size  of  these 
litters  is  consequently  5.25.  The  average  size  of  seven  litters  in  the 
third  generation  of  these  mice  was  5.57  and  of  eight  litters  in  the  fourth 
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generation  5.50.  The  average  size  of  these  15  litters  is  5.53.  Robertson 
(15)  gives  5.15  as  the  average  of  241  Utters  of  the  same  stock  at  ordinary 
room  temperature.  The  average  size  of  50  litters  I  observed  in  the 
same  climatic  environment  was  six.  These  figures  indicate  that^  not- 
withstanding the  inbreeding,  a  slowly  progressing  increase  of  fertility 
had  taken  place.  They  further  show  that  the  heat  mice  had  partici- 
pated in  this  increase.  Even  considering  the  small  material^  we  may 
say  that  at  least  no  decrease  of  fertility  had  taken  place.  Steinach 
and  Kammerer  (3),  from  experiments  on  the  e£fect  of  heat  on  the 
fertility  of  rats,  report  the  average  size  of  a  litter  at  20°C.  as  ten,  at  25^ 
as  eleven  and  at  BO''  as  eight.  I  am  inclined  to  the  view  that  the 
decrease  of  fertility  in  these  experiments  was  due  to  the  abnormally 
high  normal  fertility.  My  results  indicate  that  when  the  fertility  of 
the  parent  generation  •is  of  medium  dimensions,  a  species  may  be 
capable  of  preserving  this  fertility  iminfluenoed  by  a  hot  environment. 

SUBfMART 

1.  Exposure  to  artificial  light  at  ordinary  room  temperature  acceler- 
ates the  growth  of  mice. 

2.  Confinement  in  a  stagnant  hot  and  humid  atmosphere  retards  the 
growth  of  mice  that  were  transferred  to  the  new  climatic  environment 
inunediately  after  separation  from  their  mothers. 

3.  Succeeding  generations  of  mice  bom  in  a  hot  and  humid  environ- 
ment behave  differently  in  their  reaction  to  this  environment.  The 
first  native  generation  may  develop  normally.  The  two  next  genera- 
tions may  elicit  the  greatest  effect  of  the  hot  climate,  at  least  as  far  aa 
their  growth  id  concerned.  It  is  suggested  that  a  racial  adaptation  may 
finally  occur. 

4.  Exposure  to  artificial  Ught  in  humid  heat  adds  to  the  retarding 
effect  on  growth  produced  by  the  latter  climatic  factor. 

5.  Circulation  of  the  hot  and  humid  air  neutraUzes  partly  the 
unfavorability  of  the  tropical  environment  for  the  growth  of  animals. 

6.  The  growth  of  male  mice  is  less  retarded  by  an  imfavorable 
environment  and  more  accelerated  by  growth  stimulating  climatic  fac 
torsthan  the  growth  of  female  mice. 

7.  The  growth  of  mice  that  are  bom  in  a  new  environment  but  the 
intrauterine  development  of  which  falls  partly  outside  this  environment 
grow  faster  than  animals  that  are  transferred  to  the  same  environment 
when  in  a  growing  state. 


Digitized  by 


Google 


ADAPTATION  OF  ALBINO  MICE  TO  TROPICAL  ENYIRONHENT       415 

8.  It  is  suggested  that  the  higher  variability  of  weight  that  occurs  in 
an  artificially  produced  tropical  climate  may  depend  upon  the  operation 
of  opposing  climatic  factors  of  which  one  group  may  act  as  growth 
accelerators^  the  other  as  depressors  of  growth. 

9.  When  the  fertiUty  of  a  mice  colony  is  normal,  it  is  not  necessarily 
diminished  by  confinement  of  the  mouse  in  humid  heat  for  several 
generations. 
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ARTIFICIALLY  PRODUCED  TROPICAL  CLIMATE 

II.  Relations  of  the  Body  Form  and  Especially  the  Surface 

Area  to  the  Reactions  Released  by  and  the  Resistance  'To 

A  Tropical  Climate 
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In  the  previous  paper  (1)  I  have  suggested  that  the  retardation  of 
growth  in  a  tropical  climate  may  assist  in  promoting  the  cooling  of  the 
body  by  increasing  the  relative  body  surface.  In  this  paper  we  will 
turn  our  attention  to  the  possibility  of  an  independent  reaction  of  the 
peripheral  parts  of  the  body  to  the  heat,  which  may  be  instrumental  in 
changing  the  body  surface: weight  ratio  in  a  direction  favorable  for  the 
maintenance  of  the  energy  balance. 

Sumner  (2),  in  extensive  investigations  on  mice,  directed  to  estab- 
lishing the  inheritance  of  acquired  characters,  discovered  an  increase 
in  length  of  tail,  ears  and  feet  in  his  hot  room  animals.  This  increase 
could  be  demonstrated  also  in  mice  that  were  bom  in  the  cold  room  of 
mothers  which  had  lived  in  the  hot  environment.  Sumner  incidentally 
mentions  the  possibility  that  these  changes  might  have  some  physio- 
logical sigiiificance  but  he  makes  no  attempt  to  specify  the  advantage 
the  animals  may  receive  from  them. 

Rubner  (3),  in  his  work  on  the  functions  of  the  body  surface  in  deter- 
mining the  basal  metabolism,  gives  the  surface: weight  ratio  of  mice  as 
2.30.  He  has  apparently  left  the  area  of  the  ears  out  of  his  calculations. 
It  is  evident,  however,  that  Rubner,  while  assuming  that  the  ears  did 
not  participate  in  the  heat  output  in  a  cool  environment,  was  aware  of 
the  fact  that  the  ears — and  also  the  tail — may  serve  as  auxiliary  cooling 
organs  in  a  hot  climate.  I  have  found  numerous  occasions  to  confirm 
this  hypothesis.  The  ears  and  the  tail  were  in^my  hot  room  animals 
greatly  hyperemic.  Especially  when  the  room  temperature  was 
allowed  to  rise  to  a  height  close  to  the  body  temperature,  these  external 
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parts  were  bright  red.  To  the  heat  radiating  organs  I  am  also  inclined 
to  add  the  scrotum  of  male  mice.  An  enlargment  of  the  scrotum  has 
repeatedly  been  reported  in  rats  and  mice  that  have  been  exposed  to 
high  external  temperature.  My  heat  mice  formed  no  exception  from 
this  rule.  In  a  rat  colony  that  I  have  afterwards  had  opportunity  to 
observe  in  actual  Tropics  every  male  had  a  hanging  scrotum.  It  is 
obvious  that  such  a  sac  of  the  integument,  devoid  of  hair  as  it  is,  must 
offer  for  the  animals  an  ideal  cooling  apparatus. 

Considerations  of  this  kind,  naturally,  do  not  find  any  human  appli- 
cation. The  possibility  is,  however,  not  excluded  that  even  man  may 
possess  some  means  of  increasing  his  surface :  weight  ratio.  Since 
surface  area  as  known  is  a  function  of  height  as  well  as  of  weight,  an 
increase  in  the  height:  weight  ratio  will  also  result  in  an  increase  in  the 
surface:  weight  ratio.  The  slender  type  of  the  aboriginals  in  the 
Tropics — with  exception  of  Polynesians — may  serve  to  illustrate  this 
point.  Observations  in  Java  (4)  on  the  height  and  weight  of  Dutch 
children  have  revealed  that  the  height:  weight  ratio  increases  consid- 
erably faster  in  Java  than  in  Europe.  We  may  therefore  infer  that 
the  surface:  weight  ratio  for  children  of  the  same  weight  is  higher  in 
the  former  place. 

My  experiments  to  determine  whether  the  surface :  weight  ratio 
undergoes  any  change  in  heat,  when  animals  of  the  same  weight  are 
compared,  were  performed  on  two  batches  of  mice,  in  which  a  number 
of  litters  were  equally  represented  and  of  which  one  was  kept  in  the 
temperate  room  until  two  months  old  and  the  other  in  the  hot  room  up 
to  the  same  age.  Other  environmental  conditions  were  identical. 
Immediately  after  being  killed,  their  weight  and  length  were  recorded, 
the  latter  measured  without  stretching  from  the  tip  of  the  nose  to  the 
tail  end.  The  tail  was  measured  from  anus.  One  of  the  ears  was  cut 
out  and  trimmed  along  the  protruding  fold.  It  was  then  pasted  on  a 
piece  of  millimeter  paper  and  the  area  computed.  Tail  and  feet  were 
cut  from  the  carcass  and  their  total  skin  area  determined.  The  rest 
of  the  skin  was  finally  carefully  removed  and  spread  out  without  unduly 
stretching  on  plate  glass.  A  piece  of  millimeter  paper  was  laid  on  top 
of  the  skin  and  with  the  empty  side  of  the  glass  turned  toward  a  window 
the  contours  of  the  skin  were  drawn  as  accurately  as  possible.  The 
sum  of  the  area  of  the  skin  plus  the  area  of  the  ears — multiplied  by 
4 — plus  the  area  of  tail  and  feet  was  taken  as  representing  the  total 
body  surface. 

Tables  1  and  2  contain  data — for  males  and  females  separately — re- 
garding body  weight,  total  body  surface,  the  constant  in  Meeh's  surface 
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TABLE  1 

Body  loeight,  body  surface,  the  constant  in  MeeK's  surface  formula,  surface  :  weight 
coefficient,  ear  surface,  ear  surface  in  per  cent  of  total  surface,  body  length,  length  : 
weight  ratio,  tail  length  and  tail  length  in  per  cent  of  total  length  in  sleinned  male 
mice 


I- 


i 


M  D 


a 


5i 


Controls 


granu 

sq.  cm. 

tq.em. 

•q.cm. 

jmreent 

em. 

cm. 

cm. 

peronU 

1 

26.5 

90.4 

10.2 

3.41 

4.40 

4.9 

9.8 

0.37 

6.8 

41.0 

2 

26.4 

87.6 

9.9 

3.32 

4.12 

4.7 

9.7 

0.37 

6.9 

41.6 

3 

25.3 

97.9 

11.4 

3.87 

3.88 

4.0 

9.5 

0.38 

7.6 

44.4 

4 

24.6 

90.6 

11.7 

3.68 

4.08 

4.5 

9.5 

0.39 

6.5 

40.6 

5 

24.2 

81.6 

9.7 

3.37 

4.88 

6.0 

9.5 

0.39 

6.6 

41.0 

6 

23.3 

88.2 

10.8 

3.79 

4.36 

4.9 

9.5 

0.41 

6.5 

40.6 

7 

22.2 

83.3 

10.5 

3.75 

3.6Q 

4.3 

9.3 

0.42 

6.0 

39.2 

8 

21.4 

83.8 

10.9 

3.92 

3.40 

4.1 

9.2 

0.43 

6.1 

39.9 

9 

21.2 

82.1 

10.7 

3.87 

3.68' 

4.0 

9.2 

0.43 

6.2 

40.3 

10 

21.2 

87.7 

11.4 

4.14 

3.68 

4.2 

9.4 

0.44 

6.8 

42.0 

11 

20.8 

80.8 

10.7 

3.88 

3.12 

3.9 

9.1 

0.44 

6.9 

43.1 

12 

20.6 

80.4 

10.7 

3.90 

4.28 

5.3 

9.1 

0.44 

7.3 

44.5 

13 

20.1 

77.6 

10.5 

3.86 

3.40 

4.4 

9.0 

0.45 

5.5 

38.0 

14 

19.8 

78.0 

10.7 

3.94 

3.56 

4.6 

8.8 

0.44 

7.2 

45.0 

15 

19.0 

78.0 

10.9 

4.10 

3.60 

4.6 

9.0 

0.47 

5.9 

39.6 

16 

18.6 

75.3 

11.7 

4.05 

3.72 

4.9 

8.7 

0.47 

5.8 

40.0 

Average.... 

22.2 

84.0 

10.6 

3.78 

3.84 

4.6 

9.3 

0.42 

6.5 

41.3 

Heat 

mice 

1 

23.4 

84.0 

10.3 

3.59 

4.88 

5.8 

9.5 

0.41 

6.8 

41.7 

2 

20.3 

74.3 

10.0 

3.66 

4.64 

6.3 

9.0 

0.44 

7.3 

44.8 

3 

20.0 

77.5 

10.5 

3.88 

4.12 

5.3 

9.0 

0.45 

6.9 

43.4 

4 

19.5 

74.7 

10.3 

3.83 

3.92 

5.3 

9.0 

0.46 

6.4 

41.6 

5 

19.0 

70.9 

10.0 

3.73 

4.60 

6.5 

8,7 

0.46 

7.2 

45.3 

6 

19.0 

84.7 

11.9 

4.46 

4.48 

5.3 

8.7 

0.46 

7.4 

46.0 

7 

18.2 

75.5 

10.9 

4.15 

3.32 

4.4 

8.7 

0.48 

7.2 

45.3 

8 

18.2 

79.5 

11.5 

4.37 

4.24 

5.3 

8.8 

0.48 

6.8 

43  6 

9 

16.6 

79.6 

12.2 

4.80 

3.88 

4.9 

8.4 

0.51 

6.6 

44.0 

10 

16.4 

75.5 

11.7 

4.61 

4.28 

5.7 

8.5 

0.52 

7.0 

45.2 

11 

15.8 

74.0 

11.8 

4.68 

3.40 

4.6 

8.0 

0.51 

5.5 

40.8 

12 

15.6 

73.5 

11,8 

4.71 

3.72 

5.1 

8.3 

0.53 

6.8 

45.0 

13 

15.4 

77.1 

12.5 

5.01 

4.48 

5.9 

8.1 

0.53 

7.1 

46.7 

14 

14.2 

68.0 

11.6 

4.79 

3.64 

5.4 

8.0 

0.56 

6.3 

44.1 

Average.... 

18.0 

76.6 

11.2 

4.26 

4.12 

5.4 

8.6 

0.48 

6.8 

44.1 
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TABLE  2 

Body  weight,  body  surface,  the  constant  in  Meeh's  surface  formula,  surface  :  weight 
coefficient,  ear  surface,  ear  surface  in  per  cent  of  total  surface,  body  length,  length : 
weight  ratio,  tail  length  and  tail  length  in  per  cent  of  total  length  in  skinned 
female  mice 


n 


J 

is 


IS 


il 

a 


^l 


Controls 


• 

^rama 

tq.em. 

mi.  cm. 

tq.em. 

Verceni 

cm. 

cm. 

cm. 

percmU 

1 

21.3 

71.4 

9.3 

3.35 

3.56 

5.0 

9.0 

0.42 

6.8 

43.0 

2 

20.2 

74.1 

10.0 

3.67 

3.84 

5.2 

9.0 

0.45 

6.0 

40.0 

3 

10.3 

71.9 

10.0 

3.73 

4.36 

6.1 

8.8 

0.46 

7.0 

44.3 

4 

18.9 

68.3 

9.6 

3.61 

3.64 

5.3 

9.0 

0.48 

6.2 

40.8 

5 

18.6 

71.8 

10.2 

3.86 

3.76 

5.2 

8.5 

0.46 

6.5 

43.3 

6 

18.6 

74,0 

10.5 

3.98 

2.96 

4.0 

8.7 

0.47 

6.4 

42.4 

7 

17.7 

72.8 

10.2 

4.11 

3.76 

6.2 

8.8 

0.50 

6.3 

41.7 

8 

16.6 

69.3 

10.6 

4.17 

3.80 

5.5 

8.8 

0.53 

6.0 

40.6 

9 

15.9 

62.4 

9.9 

3.92 

3.72 

6.0 

8.3 

0.52 

5.7 

40.7 

Average.... 

18.6 

70.7 

10.1 

3.80 

3.72 

5.3 

8.8 

0.47 

6.3 

41.7 

Heat 

mice 

1 

23.7 

84.2 

10.2 

3.55 

4.72 

5.6 

9.1 

0.38 

8.0 

46.8 

2 

17.7 

76.9 

11.3 

4.34 

4.92 

6.4 

8.5 

0.48 

7.1 

45.5 

3 

17.4 

67.5 

10.0 

3.88 

3.92 

5.8 

8.7 

0.50 

6.7 

43.5 

4 

17.0 

70.9 

10.7 

4.17 

3.92 

5.5 

8.5 

0.50 

6.9 

44.8 

5 

17.0 

71.0 

10.7 

4.18 

4.24 

6.0 

8.4 

0.49 

6.5 

43.6 

6 

16.9 

70.3 

10.7 

4.16 

4.60 

6.5 

8.6 

0.51 

6.0 

41.1 

7 

16.6 

70.8 

10.9 

4.27 

4.28 

6.0 

9.0 

0.54 

6.5 

42.0 

8 

16.5 

69.3 

10.7 

4.20 

3.96 

5.7 

8.0 

0.48 

6.4 

44.5 

9 

15.0 

65.5 

10.8 

4.37 

4.08 

6.2 

8.0 

0.53 

6.2 

43.7 

10 

15.0 

66.8 

11.0 

4.45 

4.16 

6.2 

8.1 

0.54 

6.8 

45.6 

11 

14.9 

66.4 

11.0 

4.46 

4.04 

6.1 

8.3 

0.56 

6.2 

42.8 

12 

14.3 

68.0 

11.5 

4.76 

4.20 

6.2 

8.0 

0.56 

7.0 

46.7 

13 

14.1 

63.2 

10.8 

4.48 

3.84 

6.1 

8.4 

0.60 

5.8 

40.8 

Average.... 

16.6 

70.1 

10.8 

4.21 

4.24 

6.0 

8.4 

0.51 

6.6 

44.7 

formula^  surface  :  weight  coefficient,  ear  surface,  ear  surface  in  per 
cent  of  total  surface,  body  length,  length  :  weight  ratio,  tail  length 
and  the  tail  length  in  per  cent  of  body  length. 

In  conformity  with  the  results  of  our  growth  studies  we  find  a  retarda- 
tion of  growth  in  the  heat  mice,  which  in  this  series  in  average  amounts 
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to  4  grams  for  the  males  and  to  2  grams  for  the  females.  The  decrease 
of  the  average  body  surface  is  9  per  cent  for  the  male  and  less  than  1 
per  cent  for  the  female  sex.  Calculated  from  Meeh's  formula,  body 
surface  =  a  constant  X  cube  root  of  squared  body  weight,  a  diminu- 
tion of  body  surface,  accompanying  the  decrease  in  weight,  would  have 
occurred,  which  in  the  male  mice  would  have  amounted  to  15  and  in  the 
female  mice  to  8  per  cent.  This,  supposing  the  same  constant  would  be 
valid  for  both  series  of  mice,  which  would  be  true  if  no  change  in  body 
form  had  occurred  in  the  heat  mice.  In  Meeh's  formula  the  constant 
is,  as  known,  an  expression  of  the  body  form  and  varies  with  different 
animals  and  to  some  extent  also  in  the  same  species.  We  know  that 
in  Du  Bois'  formula  for  calculating  the  surface  area  of  man  the  height 
has  also  been  considered.    For  animals  no  such  formula  is  available. 

Rubner  (3)  has  calculated  the  constant  in  Meeh's  formula  for  the 
white  mouse  as  11.4.  He  found  that  after  4  days'  starvation  the  factor 
rose  to  12.3.  We  possess  in  this  study  all  the  necessary  data  for  calcu- 
lating the  constant  in  both  series  of  mice.  For  the  male  controls  it 
varies  between  9.7  and  11.7  and  is  in  average  10.6.  Corresponding 
figures  for  the  heat  male  mice  are  10.0,  12.5  and  11.2.  The  range  for 
the  control  female  mice  is  9.3  to  10.6  with  10.1  as  mean  and  for  the 
heat  female  mice  10.0  to  11.5  with  10.8  as  average.  It  is  evident  that 
in  the  heat  mice  the  body  form  is  instrumental  in  rendering  available 
a  larger  cooling  surface  and  that  the  male  mice  in  both  control  and  heat 
series  are  better  qualified  for  cooling  their  bodies  than  are  the  female 
mice. 

Regarding  the  relation  of  total  superficial  area  to  body  weight  it  is 
seen  that  a  larger  skin  area  is  available  for  each  unit  of  body  weight 
in  the  heat  mice  than  in  the  temperate  series.  In  the  male  control 
series  the  surface:  weight  coeflScient  varies  between  3.32  and  4.14  and 
is  in  average  3.78.  In  the  male  hot  room  series  the  figures  are  3.59, 
5.01  and  4.26.  In  the  female  control  series  the  mean  is  3.80  with  a 
range  from  3.35  to  4,17,  while  the  average  in  the  hot  room  series  for 
the  same  sex  is  4.21  with  a  maximum  of  4.76  and  a  minimum  of  3.55. 
Considering  averages  we  may  say  that  an  increase  of  cooling  area  had 
taken  place  in  the  **  tropical"  room  that  amounts  in  the  male  mouse  to 
12  and  in  the  female  mouse  to  11  per  cent.  Since  Moulton  (5)  has 
shown  that  body  weight,  surface  area  and  amount  of  living  protoplasm 
— as  estimated  from  the  nitrogen  content — are  functions  of  each  other, 
we  may  assert  that  each  gram  of  living  substance  in  the  hot  environ- 
ment has  a  larger  cooling  area  at  its  disposal. 
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Since  we  know  that  a  decrease  in  weight  is  accompanied  by  a  rela- 
tively larger  body  surface  it  remains  to  consider  whether  the  retarda- 
tion of  growth  in  the  animals,  which  had  been  exposed  to  the  hot 
environment,  could,  eventually  be  the  sole  c^use  of  this  phenomenon. 
That  this  is  not  true  and  that  besides  factors  associated  with  the  body 
form  are  responsible  for  the  change,  has  already  been  made  probable 
in  our  discussion  of  the  constant  in  Meeh's  formula.  We  may  find 
further  corroboration  for  this  conception  from  a  consideration  of  the 
size  of  the  external  parts  of  the  body,  viz.,  the  size  of  the  ears  and  the 
length  of  the  tail.  We  find  that  the  ear  surface,  in  proportion  to  total 
body  surface,  has  increased  in  the  male  mice  from  4.6  to  5.4  per  cent. 
In  the  female  mice  the  relative  increase  of  the  ear  surface  is  from  5.3 
to  6.0  per  cent.  The  length  of  the  tail  in  relation  to  body  length  has 
increased  from  41.3  to  44.1  per  cent  in  male  mice  and  from  41.7  to  44.7 
per  cent  in  female  mice.  Furthermore,  the  length :  weight  ratio  has 
increased  from  0.42  to  0.48  in  males  and  from  0.48  to  0.51  in  females. 
These  results  indicate  that,  irrespective  of  the  change  in  body  weight, 
morphological  changes  have  taken  place  in  peripheral  parts  of  the  body 
of  the  heat  animals  with  a  resulting  enlargement  of  the  body  surface. 
In  order  to  further  confirm  this  conception  I  have  in  figure  1  plotted  the 
surface :  weight  coefficients  as  ordinates,  the  abscissa  giving  the  age 
in  weeks. 

•  As  only  a  few  individuals  of  lower  body  weight  were  available  in  the 
control  series  I  have  added  half  a  dozen  one  week  younger  mice  for 
comparison.  With  exception  of  a  few  cases — the  probably  rather  large 
experimental  error  of  the  method  must  be  considered — the  control 
figures  group  themselves  round  almost  a  straight  line.  The  curve  for 
the  heat  mice  again,  while  for  higher  ages  at  a  low  level,  makes  in 
direction  of  the  yoimger  mice  a  sharp  bend  upward  indicating  in  these 
mice  a  high  surface :  weight  coefficient.  We  find,  consequently,  that 
the  retardation  of  growth  in  the  heat  mice  has  gone  hand  in  hand  with 
morphological  changes  of  peripheral  parts  of  the  body  which  both 
ultimately  result  in  supplying  the  organism  with  a  larger  cooling 
area  per  unit  body  weight. 

It  now  remains  to  discuss  the  possibility  whether  an  enhancement 
of  the  resistance  toward  heat  actually  occurs  in  those  mice  which  have 
acquired  the  modified  body  surface.  A  convenient  method  of  testing 
this  point  seems  to  consist  in  exposing  animals  that  have  had  time  to 
adapt  themselves  to  moderate  heat  to  excessive  temperatures.  My 
first  experiment  of  this  kind  was  an  involuntary  one.     In  a  preliminary 
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hot  room  series,  consisting  of  23  mice,  an  accident  allowed  the  tem- 
perature of  the  room  to  rise  to  39°  for  one  night  two  months  after  the 
commencement  of  the  series.  Next  morning  I  found  only  four  surviv- 
ors in  the  lot,  of  which  three  were  males.  These  were  all  individuals 
which  had  undergone  a  retarded  growth.    Figure  2  clearly  demonstrates 
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Fig.  1.  Surface:  weight  coefficients  and  age.    O  =  controls;  X  =  heat  mice. 

the  correlation  of  growth  velocity  and  chance  of  survival  in  excessive 
heat. 

In  another  experiment  I  tested  the  relative  resistance  to  an  excess 
of  light — the  heating  effect  of  which  was  probably  the  primary  factor— 
in  two  series  of  mice  one  of  which  had  been  bred  in  the  hot  room  in 
subdued  light,  the  other  exposed  to  the  light  from  a  100  watt  **Maada." 
The  source  of  light  in  the  experiment  consisted  of  two  100  and  two 
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60  watt  "Mazda"  globes,  suspended  about  40  cm.  above  the  bottom 
of  the  cages.  The  air  temperature  was  33**,  the  relative  humidity 
60  per  cent.  A  thennometer,  the  bulb  of  which  was  buried  in  the 
sawdust  registered  38-39**.  After  4  hours  of  exposure  one  third  of  the 
animals  that  had  previously  been  protected  from  light  survived  the 
test.  The  proportion  among  the  animals  which  had  been  accustomed 
to  light  was  three  in  ten.    One  animal  succumbed  in  the  former  batch 
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Fig.  2.  Heat  resistance  experiment.    Each  of  the  23  mice  represented  by  a 
vertical  growth  line.    S  «  survived;  +  «  dead. 

after  only  one  hour  of  exposure.  The  other  deaths  occurred  at  inter- 
vals which  were  about  the  same  in  both  cages.  In  the  beginning  of  the 
experiment  the  animals  drank  freely  of  the  water  offered  them  and  their 
movements  were  coordinated,  later  they  ran  aroxmd  in  a  dazed  condition. 
Apparently  those  mice  that  were  most  active  succumbed  quickest. 
The  resistance  did  not  seem  in  this  case  to  be  correlated  by  body 
weight.  My  impression  that  the  central  nervous  system  was  primarily 
affected,  that  the  deaths  were  due  to  real  ''sunstrokes"  was  supported 


Digitized  by 


Google 


424  £.   S.   SUNDSTROEM 

by  post-mortem  examinations.  The  meninges  were  highly  edematous. 
The  brain  substancse  and  the  meninges  showed  numerous  hemorrhages. 
Other  typical  signs  of  a  ''sunstroke'*  were  also  present. 

A  third  heat  resistance  experiment  in  which  I  hoped  to  gain  some 
information  about  the  relative  resistance  of  mice,  which  were  adapted 
to  different  environments,  to  hot  air,  dry  bulb  =  30°  of  high  humidity — 
near  the  saturation  point — did  not  yield  any  conclusive  result  other 
than  that  mice  succumb  quickly  in  such  a  climatic  environment.  A 
short  time  after  the  commencement  of  the  experiment  the  aninials 
became  covered  with  profuse  perspiration  and  they  all  died  at  approxi- 
mately the  same  time  in  all  series.  When  the  mice  were  weighed  after 
death  it  was  found  that  they  had  lost  up  to  10  per  cent  of  their  body 
weight  in  their  futile  efforts  to  affect  body  cooling  by  evaporation  of 
water  in  the  humid  atmosphere.  Sweating  seemed  in  mice  to  be  only 
an  ultimate  refuge  in  attaining  the  output  of  heat.  Even  at  tempera- 
tures that  were  only  slightly  below  body  temperature  animals  which 
were  adapted  to  heat  were  completely  dry.  Other  individuals,  how- 
ever, which  only  for  a  shorter  time  had  been  exposed  to  the  heat  or 
which  had  been  accustomed  to  the  draught  from  a  revolving  fan  were 
perspiring  under  these  exceptional  climatic  conditions.  If  the  tem- 
perature was  not  immediately  lowered  they  soon  succumbed. 

SUMMARY 

1.  Retardation  of  growth  may  in  a  tropical  climate  assist  in  com- 
bating the  overheating  of  the  body.  This  effect  is  suggested  as  due 
to  the  enlargement  of  body  surface  area  that  accompanies  the  lower 
body  weight. 

2.  Animals  may  be  able  by  certain  modifications  of  morphological 
characters,  viz.,  enlargement  of  peripheral  body  parts,  to  further 
improve  their  cooling  facilities. 

3.  A  few  experiments  seem  to  indicate  that,  while  a  certain  resistance 
to  higher  temperatures  may  be  acquired  by  animals  which  have  been 
adapted  to  external  heat,  this  does  not  apply  to  environment  in  which 
light  and  humidity  are  the  predominating  climatic  factors. 
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In  the  previous  paper  (1)  we  have  discussed  some  modifications  which 
certain  peripheral  parts  of  mice  undergo  in  a  hot  environment.  The 
physiological  usefulness  of  the  enlargement  of  ears  and  scrotum  and  the 
elongation  of  the  tail  to  the  animals  seems  to  be  well  established.  The 
physiological  factors  that  are  at  play  in  the  development  of  these 
modifications  are  still  obscure.  The  increase  of  blood  flow  through  the 
integumental  capillaries  is  probably  one  of  these  factors.  Some  evi- 
dence I  have  collected  along  other  lines  seems,  however,  to  indicate 
that  different  histological  components  of  the  skin  may  be  dependent  in 
their  proper  functioning  on  different  temperature  coefficients.  It  is 
therefore  possible  that  the  extent  of  cellular  activity  that  determines  the 
size  of  above-mentioned  peripheral  parts  may  be  a  function  of  the 
external  temperature.  Although,  naturally,  the  sequence  of  these 
events  must  largely  escape  direct  observation,  we  will  in  the  folloMring 
find  occasion  to  strengthen  the  hypothesis.  Our  attention  in  this 
paper  will  be  chiefly  directed  to  elucidating  the  role  that  temperature 
may  play  in  hair  growth  and  pigment  production.  By  analogy  the 
importance  of  the  temperature  coefficient  law  for  the  development  of 
other  integumental  appendices  will  receive  some  support. 

Rubner  (2)  has  shown  that  the  amount  of  hair  is  closely  correlated  to 
the  effectiveness  of  the  heat  regulation  of  the  body.  We  may  therefore 
infer  that  in  a  tropical  climate  where  demands  are  made  upon  an 
eflicient  cooling  power  of  the  skin  the  fur  of  animals  should  become 
thinner.  This  has  actually  been  found  to  occur.  Wild  animal  species 
extending  over  large  areas  from  north  to  south  have  a  thinner  coat  in  the 
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southern  part  of  their  habitat  (3).  It  is  said  that  thoroughbred  sheep 
in  hot  climates  do  not  yield  the  same  amount  of  wool  as  in  the  temperate 
parts  of  the  same  continent.  Sumner  (4)  has  experimentally  verified 
this  phenomenon.  The  total  amoimt  of  hair  he  shaved  from  his  cold 
room  mice  was  consistently  heavier  than  what  he  got  from  those  mice 
which  were  adapted  to  a  hot  environment. 

In  connection  with  my  measurements  of  the  surface  area  of  mice, 
reported  in  the  previous  paper,  I  found  opportunity  to  compare  the 
hair  growth  in  two  series  of  a  genetically  homogeneous  mouse  colony, 
one  of  which  was  kept  at  ordinary  room  temperature,  the  other  trans- 
ferred, when  3  weeks  old,  to  a  hot  and  humid  environment.  The  mice 
were  skinned  at  an  age  of  10  weeks  and  the  total  amount  of  hair  re- 
moved with  a  safety  razor.  The  average  weight  of  hair  of  the  control 
animals  was  364  mgm.  and  of  the  heat  mice  372  mgm.  These  figures 
indicate  that  the  response  of  the  mouse  to  external  heat  by  thinning  its 
fur  may  not  be  immediate.  It  must,  however,  be  remembered  that 
since  the  relative  amount  of  moulting  is  impossible  to  determine,  the 
experimental  error  in  estimations  of  this  sort  must  be  rather  large.  It 
must  further  be  borne  in  mind  that  in  Sumner's  experiments  the  control 
mice  were  exposed  to  considerably  lower  temperatures  than  was  the 
case  in  my  series. 

In  order  to  further  test  the  promptitude  of  the  effect  of  temperature 
changes  on  hair  growth  I  have  supplemented  my  mouse  studies  on  this 
point  with  observations  on  the  hair  growth  of  a  man  for  three  periods 
during  an  eight  months'  stay  in  the  Tropics,  the  first  period  com- 
mencing 2  months  after  arrival.  The  firmness  of  the  hair  of  this 
subject  made  him  especially  suited  for  a  study  of  this  kind.  The 
hair  was  at  not  too  frequent  intervals  cut  with  machine  to  a  standard 
length  of  1  cm.  During  the  first  period — middle  of  December  to 
middle  of  March — which  in  tropical  AustraUa  is  characterized  by  a 
temperature  round  30**C.  and  a  relative  humidity  seldom  below  80 
per  cent,  the  average  daily  hair  growth  was  161  mgm.  During  the 
next  period — ^middle  of  March  to  middle  of  June — when  the  atmos- 
phere was  cooUng  oflf,  the  growth  was  168  and  during  two  winter  months 
176  mgm.  The  averages  temperature  in  winter  was  20°  with  relatively 
low  humidity.  These  results  seem  to  indicate  a  dependence  of  hair 
growth  on  temperature,  the  maximum  growth  taking  place  inside  the 
temperate  range.  The  growth  of  nails  was  also  observed  in  the  same 
subject.  In  summer  the  average  daily  nail  growth  was  14.6  and  in  the 
cooler  season  12.6  mgm.    Could  this  stimulation  of  the  growth  of 
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finger  and  toe  nails  at  high  temperature  be  a  parallel  to  the  phenomena 
we  referred  to  in  the  introduction  of  this  paper? 

I  regret  that  I  did  not  find  time  to  repeat  my  weighings  of  the  amount 
of  hair  in  those  generations  of  my  mouse  colony  that  were  bom  in  the 
hot  environment.  My  impression  was  that  the  fur  of  the  animals 
became  progressively  thinner,  although  even  in  later  generations 
individuals  were  found  that  had  a  fluffy  coat.  The  majority  of  mice  in 
the  fourth  generation  were  almost  hairless.  Although  we  must  not 
lose  sight  of  the  possibiUty  that  genetical  factors  may  have  cooperated 
in  producing  these  skinny  looking  creatures — which  nevertheless 
exhibited  an  almost  normal  velocity  of  growth — I  am  inclined  to  the 
view  that  environmental  factors  were  chiefly  responsible  for  their 
appearance.  I  find  support  for  this  view  from  the  fact  that  about 
2  weeks  after  the  transfer  of  the  same  mice  to  a  cool  environment,  they 
had  acquired  a  fur  that  almost  resembled  a  normal  one.  This  tends 
to  confirm  our  previous  conclusion  that  the  optimal  temperature  for 
hair  growth  is  exceeded  in  a  tropical  climate. 

In  our  inquiry  into  the  temperature  coefficients  of  different  skin 
functions  we  now  turn  our  attention  to  the  effect  of  heat  on  pigmenta- 
tion. An  array  of  facts,  anthropological  and  zoological,  indicates  that 
the  intensity  of  integumental  pigmentation  may  depend  on  climatic 
factors.  The  popular  belief  is  that  the  intense  solar  radiation  and 
primarily  the  actinic  sun  rays  are  the  principal  agents  in  producing  the 
deeper  coloration  of  animal  species  toward  the  equator.  A  number 
of  experimental  investigations  has  nevertheless  been  reported  which 
point  to  an  independent  effect  of  increased  temperature  on  pigmenta- 
tion. Experiments  on  insects  are  in  this  respect  somewhat  conflicting, 
the  best  controlled  investigations,  however,  indicating  a  darkening  of 
color,  in  heat  (5).  Uhlenhuth  (6),  in  his  work  on  metamorphosis  and 
pigmentation  of  batrachia,  found  that  he  could,  by  lowering  or 
increasing  the  environmental  temperature  cause  the  specific  coloring 
of  Amblystoma  tigrinum  to  disappear  or  become  manifest.  Bonhote 
(7)  kept  rodents  of  the  species  Meriones  in  humid  heat  for  a  few  weeks, 
apparently  protected  from  Ugtt,  and  observed  a  darkening  of  their 
coat  color. 

The  coat  color  of  mice  has,  as  known,  been  a  favorite  fi6ld  of  research 
for  geneticians.  The  conception  of  Cu^not  (8)  that  at  least  two  "fac- 
tors" are  necessary  for  color  production,  one  representing  the  "chromo- 
gen"  and  the  other  the  "zymogen,"  has  considerably  stimulated 
investigations  along  these  Unes.    The   conception  was,  however,   a 


Digitized  by 


Google 


428  E.   S.   SX7NDSTR0EM 

qualitative  one — presence  or  complete  absence — and  to  conform  with 
facts  it  was  found  necessary  to  introduce  a  nimiber  of  color  modifjdng 
factors.  Cu^not  explained  albinism  as  a  result  of  absence  of  either  the 
chromogen  or  enzyme  or  both.  Durham  (9)  concluded  from  experi- 
ments which  have  not  been  confirmed,  that  there  may  be  present, 
in  the  skin  of  rabbits  and  rats,  three  specific  enzymes  for  production  of 
the  black,  yellow  and  chocolate  color.  She  beUeved  that  these  enzymes 
are  lacking  in  albinos.  Von  Fiirth's  (10)  suggestion  that  melanin  is 
produced  by  the  action  of  tyrosinase  on  tyrosin  has  given  impetus  to 
biochemical  studies  along  these  Unes.  Gortner  (11)  discovered  that 
tyrosinase  may  be  inhibited  in  its  action  by  certain  phenolic  compounds 
and  he  thinks  that  such  an  inhibition  is  the  underljdng  cause  of  the 
production  of  'dominant  whites."  Onslow.  (12)  has  confirmed  this 
statement  and  found  further  that  the  pigmentation  of  an  animal  is  a 
quantitative  one,  the  same  melanin  giving  all  the  shades  from  light 
yellow  to  black.  The  same  investigator  was  unable  to  recover  any 
tyrosinase  frofn  the  macerated  skins  of  recessive  albinos  but  found  that 
phenolases  were  present  in  appreciable  amounts.  It  is  noteworthy 
and  gives  rise  to  the  suspicion  that  her  extraction  method,  although  it 
appears  to  be  faultless,  may  not  have  been  so,  to  hear  that  Onslow  was 
also  unable  to  obtain  any  tyrosinase  from  the  skins  of  light  yellow 
strains. 
.  Riddle  (13)  has  severely  criticised  the  explanations  geneticians  give 
about  the  causes  of  albinism.  He  thinks  that  it  is  absurd  to  speak 
about  gametes  in  which  either  the  chromogen  or  enzyme  is  absent. 
I  cite  a  few  lines  pf  his  paper:  "There  can  scarcely  be  any  doubt  that 
certain  regions,  owing  to  new  structure,  new  environmeni,  new  conditions 
are  able  to  oxidize  different  protein  substances  with  variable  ease  and  to 
a  variable  extent  tod  even  in  a  different  way."  And  further:  ''The 
specific  color  of  an  animal  is  an  index  not  of  the  processes  in  the  germ 
from  which  this  animal  arose,  of  certain  chromogens  and  specific  zymo- 
gens, and  the  absence  of  wide  series  of  others,  but  this  specific  color 
means  that  a  process  with  a  wide  range  of  possibilities,  because  of  a 
particular  physiological  state  and  environmerUal  conditions  has  struck  this 
particular  equilibrium.  One  and  the  same  organism  has  within  it  all  that 
is  necessary  to' move  the  equilibrium  up  and  down"  The  words  in  this 
citation  that  have  important  bearing  on  our  present  problem  are 
italicized  by  me. 

After  this  somewhat  cursory  review  of  a  research  field  that  still 
remains  largely  in  an  uncultivated  state,  I  will  proceed  to  report  certain 
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facts  with  bearing  on  the  pigmentation  problem,  which  came  to  my 
attention  during  the  course  of  my  acclimatization  studies.  My  ma- 
terial for  these  studies  consisted  of  white  mice  that  for  a  great  number 
of  generations  had  been  found,  by  trained  observers,  to  possess  all  the 
requirements  of  genuine  recessive  albinos.  All  my  control  series  con- 
firmed this  classification.  It  therefore  awakened  my  curiosity  when  I 
found  that  a  relatively  large  number  of  individuals  in  certain  well- 
defined  experimental  series  were  pigmented. 

The  modification  in  question  was  first  discovered  in  a  number  of 
mice  of  the  first  generation  which  were  bom  in  the  hot  and  hmnid 
environment.  At  first  I  paid  no  attention  to  the  appearance  of  a 
creamy  coat  color  in  these  mice,  thinking  that  it  was  simply  due  to  lack 
of  cleanliness.  This  explanation  proved  to  be  incorrect.  It  was 
impossible  to  remove  the  color  with  any  solvent.  The  possibility  that 
particles  of  rust  from  the  wire  net  were  to  blame  was  refuted  by  the 
iron  test.  The  color  commenced  at  the  roots  of  the  hairs.  Doctor 
Hagedoorn,  who  is  an  expert  on  coat  colors  of  mice,  was  kind  enough  to 
examine  my  mice  and  expressed  as  his  opinion  that  they  weref  truly 
pigmented.  • 

The  pigmentation  made  its  first  appearance  when  the  mice  were 
about  6  or  7  weeks  old.  In  the  hot  room  only  naice  belonging  to  the 
first  "descendant"  generation  acquired  pigment.  It  was  later  found 
that  also  a  few  mice  which  at  ordinary  room  temperature  had  been 
exposed  to  strong  electric  Ught  had  become  pigmented.  All  the  pig- 
mented mice  were  males.  I  was  further  able  to  ascertain  that  76  per 
cent  of  them  were  individuals  whose  body  weight  was  above  normal. 
In  the  majority  of  cases  the  pigmentation  was  confined  to  the  rump, 
ending  in  front  along  a  rather  sharp  angular  Une.  In  a  few  instances  a 
median,  longitudinal  creamy  streak  was  observed  on  the  belly.  The 
region  round  the  external  sexual  organs  was  deeply  yellow.  In  other 
parts  the  pigmentation  had  a  creamy  tinge.  It  persisted  mostly 
throughout  the  observed  period  of  Ufe  of  the  animals.  AS  might  be 
expected,  my  attempts  to  test  whether  the  pigmentation  would  breed 
true  were  negative. 

For  the  microscopical  examination  of  the  hairs  I  employed  Werneke's 
(14)  method.  The  hairs  were  covered  on  a  slide  with  a  drop  of  glycerol 
and  carefully  heated  in  order  to  drive  out  air  enclosed  in  them.  I 
found  that,  primarily  in  the  woolly  hairs,  golden  yellow  pigment  granules 
were  present  in  small  numbers  in  the  medullary  part  of  the  hair  in 
places  that  corresponded  to  the  position  of  pigment  granules  in  yellow 
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mice.  The  grouping  and  dimensions  of  the  individual  granules  were 
also  identical.  These  groups  of  pigment  granules  extended  as  a  rule 
along  the  whole  length  of  the  hair.  In  some  hairs  from  the  colored 
part  of  the  coat  these  histological  characteristics  were  missed,  showing 
that  these  hairs  were  albinotic.  The  hairs  from  control  mice  were 
empty  as  far  as  genuine  pigment  granules  are  concerned.  Occasionally, 
however,  I  could  observe,  near  the  base  of  a  white  hair,  formations  that 
answered  the  description  Onslow  has  given  about  the  "ground  sub- 
stance" in  albino  hairs  (15). 

The  fact  that  the  food  of  my  mouse  colony  to  a  large  extent  con- 
sisted of  yellow  com  meal,  which  as  known  is  rich  in  carotinoids,  neces- 
sitated a  few  experiments  directed  to  test  the  possibility  that  the 
yellow  color  was  of  such  an  origin.  Its  insolubility  in  ether  and 
petrol  ether  seems  to  prove  that  neither  carotinoids  nor  any  Upochrome 
substance  could  be  responsible  for  the  yellow  coloration.  The  albino 
rat  has  further  been  found  to  be  devoid  of  carotinoids  (16)  and  by 
analogy  we  may  conclude  that  albino  mice  behave  similarly  in  this 
respect. 

A  quantity  of  pigmented  hairs  was  boiled  with  a  0.2  per  cent  sodium 
hydroxide  solution  for  a  while.  After  decanting  the  solution  the 
process  was  repeated  with  a  fresh  amount  of  diluted  lye.  The  two 
filtrates  were  poured  together.  The  resulting  Uquid  was  bright  yellow 
with  a  greenish  tinge.  After  adding  to  one  part  hydrochloric  acid  and 
to  the  other  saturated  ammonium  sulphate  solution  a  greyish  dark 
precipitate  was  thrown  down  in  both  cases.  I  am  doubtful  whether 
this  could  have  been  the  ''melanin."  The  amount  was  too  small  for 
chemical  examination.  Gortner  (17)  states  that  he  has  been  able  to 
obtain  substances  which  answer  the  usual  description  of  melanins,  i.e., 
solubility  in  alkaUes  and  insolubiUty  in  acids  and  neutral  solvents 
from  various  keratin  materials  also  from  recessive  albinos.  He  thinks 
that  these  substances  do  not  belong  to  the  true  melanins.  Gortner 
says  further  that  he  beUeves  that  most  proteins  contain  a  nucleus 
which,  under  proper  conditions,  may  give  rise  to  pigment. 

I  lasted  much  time  in  futile  attempts  to  demonstrate  the  presence 
of  tyrosinase  in  sldns  from  my  pigmented  mice  and  also  from  a  niunber 
of  mice  of  var3dng  age — a  few  days  to  several  weeks — ^which  were 
reared  from  birth  in  the  "tropical"  room.  I  adopted  for  this  purpose 
Onslow's  technic  (12)  in  preparing  the  skin  extracts.  All  my  tyrosinase 
tests  were  negative.  The  presence  of  oxidases  reacting  with  poly- 
phenols could  be  demonstrated  in  the  "heat"  and  "light"  mice  but  the 
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intensity  of  the  reaction  in  these  series  did  not  differ  from  that  of  the 
control  mice. 

Notwithstanding  my  negative  results  in  demonstrating  tyrosinase  in 
the  skins  of  the  pigmented  mice  I  am  incUned  to  the  view  that  enzjrmes 
— ^tyrosinase  or  others — ^which  by  reacting  on  protein  substances  in 
vivo  may  produce  pigmentation  were  not  entirely  absent  in  either 
series  of  my  material.  I  beUeve  that  the  enzyme  was  present  in  all 
the  animals  in  such  a  diluted  state  that  it  was  destroyed  during  the 
process  of  extraction.  If  we  assume  that  the  optimum  temperature 
for  pigment  production  is  relatively  high,  we  may  understand  that  the 
attenuated  enzyme  may  be  able,  at  higher  temperatures,  to  react  with 
the  protein  substrate  while  at  lower  temperatures  it  fails  to  do  so.  In 
this  discussion  we  are  primarily  concerned  with  skin  temperatures. 
As  the  height  of  skin  temperature  may  be  considered  to  be  a  joint 
product  of  internal  and  external  factors  we  may  comprehend  the 
limitation  of  the  colored  mouse  modification  only  to  certain  series  of 
animals.  It  is  possible  that  some  correlation  may  exist  between  the 
pigmentation  of  the  mice  and  factors  that  control  the  internal  metabo- 
lism of  the  same.  An  incidental  observation  regarding  the  difference 
in  reaction  toward  acetonitrile  found  in  a  few  pigmented  individuals 
which  will  be  reported  in  the  next  paper  seems  to  indicate  that  this 
may  be  the  case.  The  fact  that  lecithin  acts  as  an  inhibitor  on  tyro- 
sinase (18)  may  further  have  some  bearing  on  the  problem,  since  I  have 
observed  in  some  work  in  actual  Tropics — as  yet  unpublished — that 
the  lecithin  of  the  blood  undergoes  a  decided  drop  in  hot  cUmate. 

I  have  recently  found  opportunity  to  observe  in  actual  tropical 
climate  a  colony  of  white,  pink-eyed  rats,  the  ancestors  of  which  several 
years  ago  were  imported  from  Europe.  These  ancestors  are  said  to 
have  been  pure  white.  At  the  present  time  the  majority  of  the  rats 
exhibit  a  fur  of  Ught  yellow  coloration,  which  is  widely  distributed  over 
the  coat.  Amonjg  these  pigmented  rats  the  female  sex  is  also  repre- 
sented but  in  a  less  degree.  By  microscopical  examination  the  hairs 
from  the  pigmented  rats  show  golden  yellow  granules  identical  to  the 
ones  I  foimd  in  mice.  Rats  which  since  birth  have  been  exposed  to 
circulating  air  and  whose  cooUng  power  was  enhanced  showed  the 
pigmentation  in  a  markedly  less  degree. 

Reviewing  our  results  on  hair  growth  and  pigmentation  of  mice  we 
are  justified  in  assuming  that  these  closely  aUied  processes  are  dependent 
on  chemical  reactions  with  different  temperature  coefficients. 
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SUMMARY 


1.  Mice  which  are  suddenly  transferred  from  a  hot  to  a  cool  environ- 
ment respond  quickly  to  this  change  by  a  stimulated  hair  growth. 
No  change  of  hair  growth  was  found  in  mice  that  for  2  months  had  been 
exposed  to  humid  heat.  It-  is  suggested  that  failure  to  observe  the 
relative  moulting  of  the  mice  may  have  obscured  possible  changes  in 
direction  of  a  thinning  of  the  coat.  Supplementary  evidence  is  pre- 
sented from  observations  on  man  to  prove  that  the  hair  growth  is 
more  rapid  in  a  cool  environment. 

2.  The  hair  of  recessive  albino  mice  may,  when  exposed  to  humid 
heat  or  to  the  radiation  of  strong  light  acquire  the  power  of  producing 
pigment.  This  is  in  the  beginning  limited  to  individuals  of  a  certain 
type,  but  as  supplementary  observations  on  rats  indicate,  may  in 
subsequent  generations  extend  to  other  individuals. 

3.  It  is  suggested  that  the  prevalent  theory  that  recessive  albinos 
lack  the  pigment-producing  enzymes  is  false  and  that  failure  to  extract 
this  enzyme  may  be  due  to  its  presence  only  in  minute  quantities. 

4.  It  is  further  suggested  that  the  chemical  processes  that  control 
the  growth  and  the  pigmentation  of  hair  may  possess  different  tem- 
perature coeJJicients.  While  cool  climate .  seems  more  congenial  to 
hair  growth  the  optimal  temperature  for  pigment  formation  appears  to 
fall  within  the  range  of  tropical  heat. 

5.  Finally,  it  is  suggested  that  the  small  amounts  of  color-producing 
enzyme  that  are  supposed  to  be  present  in  the  skin  of  albinos  may 
become  active  only  in  a  climatic  environment  in  which  the  skin  tem- 
perature of  these  animals  approaches  the  optimal  temperature  for  the 
reaction  of  the  enzyme.  The  possible  cooperation  of  metabolic  factors 
is  mentioned. 
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In  the  first  one  of  this  sequence  of  papers  (1)  evidence  has  been  ad- 
vanced to  show  that  the  growth  of  mice  undergoes  definite  changes  in 
a  new  cUmatic  environment.  Exposure  to  strong  light  at  ordinary 
room  temperature  stimulated  the  physical  development  of  mice,  while 
on  the  other  hand  confinement  in  humid  heat  acted  in  the  opposite 
direction.  In  the  second  paper  (2)  an  attempt  was  made  to  attribute 
this  retardation  of  growth  solely  to  the  requirement,  in  the  interest  of 
the  energy  balance  of  the  animals,  of  an  enlarged  cooUng  surface.  The 
possibility  that  growth  might  have  only  indirectly  depended  upon  heat 
regulation  by  way  of  the  effect  this  latter  may  have  exerted  on  the 
activity  of  endocrine  organs,  primarily  of  the  thyroids,  was  not  consid- 
ered. Since  a  retardation  of  general  growth  may  result,  as  well  known, 
from  hyperthyroidism  the  possibiUty  cannot  a  priori  be  excluded  that 
the  slow  growth  in  the  hot  environment  might  have  been  caused  by  the 
presence  in  the  blood  of  excessive  amoimts  of  the  thyroid  hormone. 
In  this  paper  we  will  try,  as  far  as  the  small  material  at  our  disposal 
will  permit,  to  show  that  this  was  not  the  case.  During  the  course 
of  my  investigations  a  considerable  number  of  experiments  was  per- 
formed on  the  resistance  of  mice  to  acetonitrile,  which  has  been  found 
to  be  a  convenient  method  of  testing  the  thyroid  activity.  Most  of 
these  experiments  have,  however,  been  discarded,  because  the  rule  in 
testing  the  resistance  to  above-mentioned  poison  of  injecting  on  the 
same  day  the  same  dilution  of  acetonitrile  in  mice  of  the  main  and  the 
control  series  was  not  strictly  adhered  to  in  these  experiments.  It  has 
been  recently  demonstrated  (3)  that  the  chemical  undergoes  changes  in 
effectiveness  with  time  even  in  unopened  bottles.    Only  those  experi- 
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ments  in  which  these  precautions  were  observed  will,  therefore,  be 
reported. 

In  determining  the  thyroid  activity  of  animals  several  methods  are 
available,  a.  Comparing  the  relative  increase  in  weight  of  the  glands. 
Robertson  (4)  found  that  coincident  with  the  principal  cycles  of  growth 
of  mice  the  thyroids  increased  in  weight  at  a  faster  rate.  This  increase 
was  more  rapid  in  male  mice  which  also  exhibit  a  greater  velocity  of 
growth  than  females.  It  is  doubtful,  considering  the  small  size  of  the 
thyroids  in  mice,  whether  it  would  have  been  possible  to  observe  small 
deviations  in  the  growth  of  these  glands,  such  as  possibly  occurred  in 
my  environmental  series,  b,  Estimating  the  iodine  content  of  the 
th3rroids.  According  to  extensive  observations  pubUshed  by  Seidell 
and  Fenger  (5)  the  iodine  content  varies  inversely  with  the  size  of  the 
glands.  Of  great  interest  for  our  present  inquiry  is  further  their  state- 
ment that  both — size  and  iodine  content — ^follow  seasonal  curves  which 
for  weight  reaches  a  maximum  in  spring,  synchronous  with  the  minimum 
of  the  iodine  curve.  No  figures  are  given  on  the  body  weight  of  these 
animals — sheep,  cattle  and  hogs — but  we  may  infer  that  the  greatest 
increase  of  weight  takes  place  in  summer,  c.  Comparing  the  histolog- 
ical appearance  of  the  thyroids.  It  has  been  found  that  the  increase 
of  iodine  content  of  the  glands  coincides  with  typical  changes  of  the 
vesicle  epithelium  and  in  the  amount  of  colloid.  The  former  becomes 
cuboidal  and  the  vesicles  themselves  are  distended  by  the  colloidal 
content.  Such  changes,  generally  accepted  as  indicating  a  resting 
condition  of  the  thyroid,  have  been  observed  by  Mills  (6)  and  by  Sto- 
land  and  Kinney  (7)  to  result  from  exposure  of  animals  to  high  tem- 
peratures.. The  latter  investigators  further  observed  that  the  toxicity 
of  thyroid  doses  was  enhanced  by  heat,  d.  Determining  the  resistance 
to  acetonitrile.  The  three  methods  referred  to  above  are  undoubtedly 
useful  in  determining  the  condition  of  the  thyroid  gland  itself.  It  is 
problematical,  however,  whether  they  are  suitable  for  investigations 
which  are  primarily  concerned  with  the  relative  amounts  of  thyroid 
hormone  which  are  circulating  in  the  blood.  The  acetonitrile  method 
offers  in  this  respect  decided  advantages.  As  known,  it  was  originally 
introduced  by  Hunt  as  a  measure  of  the  extent  of  oxidative  processes 
in  the  body  (8).  The  rapid  breakdown  of  the  CHjCN  molecule  with 
freeing  of  large  amounts  of  the  toxic  hydrocyanic  acid,  resulting  in 
diminished  resistance,  which  was  found  in  mice  that  had  received 
repeated  doses  of  ethyl  alcohol,  was  explained  by  Hunt  as  commensur- 
able with  the  acquired  power  of  oxidizing  the  ethyl  and  methyl  groups 
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at  a  faster  rate  than  normal.  The  fact  that  the  low  oxidation  rate, 
supposed  to  exist  in  inanition,  was  accompanied  by  an  increase  of 
resistance  to  acetonitrile  seemed  to  support  this  view  (9).  In  the 
hands  of  its  originator,  the  acetonitrile  reaction  has  later,  as  well  known, 
been  developed  to  a  measure  of  the  thyroid  activity,  in  the  first  place 
of  exogenous  origin,  but  also  of  the  normal  physiological  activity  of  the 
thyroid  in  the  body  (10),  It  seems  to  be  fully  established  that  the 
changes  in  oxidative  power  of  the  system  Hunt  discovered  by  his  method 
are  indirect  effects  of  these  physiological  states  on  the  thyroid.  Since 
the  chapters  are  not  yet  closed  regarding  the  nature  of  the  effect  of 
the  thyroid  hormone  we  are  not  as  yet  in  position  to  imderstand  the 
mechanism  of  the  acetonitrile  reaction.  It  is  believed  by  Hunt  that 
some  kind  of  neutraUzation  process  takes  place  between  the  two.  A 
similar  neutraUzation  process  presumably  occm*s  normally  between 
the  thyroid  secretion  and  various  toxic  compounds  produced  by  the 
body  metabolism,  which  act  as  depressors  of  oxidation.  We  know 
that  the  thyroid  hormone  itself  stimulates  .  oxidative  processes.  We 
possess,  however,  no  information  whatever  regarding  the  interaction 
of  these  three  classes  of  substances,  the  thyroid  hormone,  the  toxic 
metabolites  and  acetoiiitrile.  That  essential  differences  exist  between 
different  species  in  this  respect  becomes  evident  when  we  recognize 
the  fundamental  dissimilarity  between  the  reaction  of  mice  on  one  side 
and  of  rats  and  guinea  pigs  on  the  other  side  toward  acetonitrile  after 
thyroid  feeding.  While  the  resistanceof  mice  is  increased  after  such 
feeding,  a  diminution  of  the  lethal  dose  occurs,  as  known,  in  the  two 
other  species  of  animals.  Summing  up  these  considerations,  we  may 
say  that  the  acetonitrile  reaction  is  an  empirical  test  of  thyroid  activity 
and  that  great  care  must  be  exercised  in  applying  results  obtained 
in  one  species  to  other  classes  of  animals. 

For  the  understanding  of  our  own  results  on  the  effect  of  climate  on 
the  resistance  to  acetonitrile  it  is  fortunate  that  Hunt  has  collected 
material  to  determine  the  seasonal  curve  of  this  resistance  (11).  He 
found  that  the  fatal  doses  of  acetonitrile  were  for  mice  about  twice  as 
large  in  winter  as  in  summer.  Hunt  doubted,  however,  whether  the 
environment  in  which  the  mice  were  reared  in  winter — a  room  heated 
to  75°F. — could  be  classified  as  a  cool  environment.  No  figures  are 
given  for  the  summer  temperature.  References  to  the  relative  hmnidity 
and  Hght  conditions  are  also  omitted.  Knowing  the  dry  atmosphere 
prevailing  in  heated  rooms  during  a  cold  winter  and  on  the  other  side 
the  humid  heat  in  the  eastern  states  in  summer,  we  may  infer  that 
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considerable  differences  must  have  existed  between  Hunt's  summer  and 
winter  series  so  far  as  the  heat  output  of  the  mice  is  concerned.  The 
resistance  of  rats  and  guinea  pigs  was  increased  in  summer,  which  may 
be  easily  understood,  when  the  difference  in  behavior  toward  acetoni- 
trile  of  these  animals  is  considered.  Himt  emphasizes  the  necessity 
of  correlating  the  resistance  with  the  rate  of  growth.  He  cites  Siid- 
mersen  and  Glenny  (12)  who  found  that  guinea  pigs  grew  faster  in 
summer  than  in  winter  and  that  it  required  a  larger  dose  of  diphtheria 
toxin  to  kill  a  guinea  pig  of  same  weight  in  summer  than  m  winter. 
If  Hunt  had  followed  the  actual  growth  of  his  animals  he  would  possibly 
have  found  in  mice  a  retarded  summer  growth,  analogous  to  the  retarda- 
tion which  I  found  in  those  of  my  mice  which  had  been  exposed  to 
htmud  heat.  It  occurs  to  me  that  Himt's  winter  series  may  correspond 
to  my  control  series  and  that  his  summer  experiments  may  in  regard  to 
climatic  conditions  be  similar  to  my  heat  experiment. 

For  testing  the  effect  of  humid  heat  on  the  resistance  of  mice  to  ace- 
tonitrile  I  divided  a  number  of  Utters  into  four  batches,  one  male  and 
one  female  group  being  kept  at  ordinary  room  temperature  and  the 
two  remaining  batches,  males  and  females,  being  transferred  to  the 
hot  room  when  3  weeks  old.  The  food  was  uniform  in  both  series  and 
consisted,  as  may  be  seen  from  the  composition  given  in  the  first  paper 
of  this  series,  almost  exclusively  of  food  stuffs  which  according  to  Hunt's 
investigations  (13)  tend  to  increase  the  resistance  of  mice  to  acetoni- 
trile.  When  the  mice  were  3  months  old  the  resistance  tests  were  per- 
formed on  the  same  day  with  the  same  freshly  made  dilution  of  acetoni- 
trile.  The  injections  were  given  subcutaneously  in  the  same  place 
under  the  skin  of  the  back.  A  few  days  later  the  same  procedure  was 
repeated  with  two  batches  of  male  mice,  derived  from  the  same  Utters, 
which  had  been  reared  at  normal  room  temperature,  one  in  subdued 
Ught  and  the  other  exposed  to  the  Ught  from  two  60  watt  "Mazda" 
lamps  at  close  range.  The  age  of  these  series  of  mice  at  the  time  of  the 
test  was  three  months.  Tables  1  to  3  give  particulars  as  to  dosage  of 
acetonitrile,  body  weight  of  the  mice  and  result  of  injection. 

The  lethal  dose  in  aU  the  series  is  very  smaU  and  corresponds  to  the 
minimal  fatal  doses  observed  by  other  investigators  in  this  field.  How 
much  this  low  resistance  of  my  mice  might  depend  upon  specific  quaU- 
ties  of  them  and  how  much,  as  far  as  the  controls  are  concerned,  upon 
climatic  effects  is  impossible  to  teU.  The  fact  that  the  fatal  dose  re- 
ported by  European  observers  (14)  is  consistently  higher  than  in  America 
may  suggest  that  the  latitude  may   play  a  r61e  in   determining  the 
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resistance  of  nbice  to  acetonitrile.  Itis possible,  however,  thatsimply  the 
degree  of  toxicity  of  the  acetonitrile  preparations  used  by  different 
investigators  is  responsible  for  the  variations  in  fatal  dose. 

The  sUght  difference  we  notice  in  the  two  first  tables  toward  an  in- 
crease in  resistance  in  favor  on  one  side  of  the  female  mice  as  compared 


TABLE  1 

Resistance  of  male  heat  mice  to  acetonitrile 

D061B  PER  ORAM 

BODT  WKZOHT 

BE8ui;r 

Heatmioe 

Controls 

Heat  mice 

Controls 

nHfm, 

ffrofM 

ffranu 

0.10 

19.5 

22.0 

Siirvived 

Survived 

0.15 

18.5 

22.3 

Survived 

Survived 

0.20 

24.8 

22.9 

Dead 

Survived 

0.22 

25.9 

Dead 

0.25 

20.8 

25.0 

Dead 

Dead 

0.30 

18.5 

Dead 

0.35 

19.0 

Dead 

0.40 

22.3 

Dead 

0.45 

21.7 

Dead 

TABLE  2 
Resistance  of  female  heat  mice  to  acetonitrile 


D06I8  PKR  GRAU 

BODT  WBIOHT 

RESULT 

BODT  WEIOHT 

Heat  mice 

Controls 

Heat  mice 

Controls 

mfffn. 

gram* 

gram* 

0.10 

21.5 

Survived 

0.12 

22.7 

Survived 

0.14 

15.2 

20.3 

Survived 

Survived 

0.16 

18.9 

17.8 

Survived 

Survived 

0.18 

22.8 

23.5 

Survived 

Survived 

0.20 

16.1 

18.7 

Survived 

Survived 

0.22 

19.3 

19.3 

Survived 

Survived 

0.24 

17.4 

22.0 

Dead 

Survived 

0.26 

19.3 

Dead 

with  the  male  ones  and  on  the  other  side  of  heat  animals  above  controls, 
is  probably  too  insignificant  to  deserve  any  attention.  We  are,  how- 
ever, justified  in  concluding  that  no  increase  of  the  resistance  to  ace- 
tonitrile occurs  in  mice  which  for  the  greater  part  of  their  lives  have 
lived  in  an  artificially  produced  tropical  climate. 


Digitized  by 


Google 


ADAPTATION  OF  ALBINO  MICE  TO  TROPICAL  ENVIRONMENT       439 

The  resistance  in  the  "hght"  series  was  decreased  by  one-third  as 
compared  with  the  corresponding  control  series.  Notwithstanding 
the  small  absolute  difference,  I  am  led  to  believe  that  this  result  may 
be  accepted  as  indicating  a  diminution  of  resistance  in  strong  Ught. 
On  account  of  the  small  number  of  animals  this  conclusion,  naturally, 
requires  confirmation.  In  this  connection  I  take  the  opportunity  of 
reporting  an  experiment  performed  about  two  months  afterwards  on 
seven  male  mice  which  all,  since  they  were  three  weeks  old,  had  been 
exposed  to  electric  Ught.  Two  of  these  mice  belonged  to  the  "  pigmented 
albinos"  which  have  been  discussed  in  a  previous  paper  (16).  The 
animals  were  about  5  months  old  at  the  time  of  the  experiment.    The 

TABLES 
Resistance  of  male  ^^light**  mice  to  acetanitrile 


D06I8  PKR  GBAIC 

BODY  WSIOBT 

RCSUUS 

Heat  mice 

Controls 

Heat  mice 

Controls 

mgtn. 

grams 

ffroms 

0.09 

23.2 

Survived 

0.10 

22.3 

24.2 

Dead 

Survived 

0.11 

23.2 

20.7 

Survived 

Survived 

0.12 

22.0 

18.5 

Dead 

Survived 

^      0.13 

20.6 

20.9 

Dead 

Survived 

0.14 

23.4 

21.3 

Dead 

Survived 

0.15 

24.2 

20.6 

Dead 

Dead 

0.16 

24.8 

20.6 

Dead 

Dead 

0.17 

21.3 

Survived 

0.18 

24.8 

Dead 

0.19 

22.6 

Survived 

injections  of  acetonitrile  were  given  a  few  days  after  the  discontinuance 
of  the  light  treatment.  It  is  probable  that  the  acetonitrile  had  at  that 
time  lost  a  part  of  its  strength.  This  would  explain  the  great  difference 
in  fatal  doses  between  these  experiments  and  the  previous  "Ught" 
experiments.  One  of  the  pigmented  mice  was  given  0.20  and  the  other 
0.25  mgm.  per  gram  body  weight.  One  of  these  mice,  ear  markings 
omitted  in  the  protocol,  succumbed  quickly.  The  other  lay  in  a  stupe- 
fied condition  for  12  hours  but  finally  recovered.  The  unpigmented 
mice  were  not  at  all  affected  by  doses  twice  as  large.  This  experi- 
ment seems  to  suggest  that  metaboUc  factors,  the  exact  nature  of  which 
it  would  be  impossible  to  conjecture,  were  cooperating  in  producing 
the  pigmented  modification  in  my  mouse  colony. 
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It  would  have  been  highly  desirable  to  obtain  exact  figures  with 
regard  to  the  effect  of  heat  on  the  resistance  to  acetonitrile  in  later 
generations  of  mice  which  were  born  in  the  hot  environment.  Several 
protocols  of  experiments  of  this  kind  were  discarded  for  reasons  that 
have  been  referred  to  above.  I  am,  however,  still  in  posaesaion  of  a 
protocol  of  an  experiment  on  eight  female  mice  from  the  third  genera- 
tion which  were  bom  in  the  hot  room.  These  tests  were  performed 
about  the  same  time  as  the  tests  on  the  pigmented  'Might"  mice,  which 
have  led  us  to  conclude  that  the  stock  solution  of  acetonitrile  had  lost 
part  of  its  effectiveness.  The  age  of  these  ''descendants"  of  the  third 
generation  was  3  months,  the  same  as  that  of  animals  which  were  sub- 
jected to  the  test  after  having  lived  in  the  hot  environment  from  3 
weeks  of  age.    Their  body  weights  are  very  much  lower.    In  table  4 

TABLE  4 
Resistance  of  female  heat  mice  in  the  third  generation  to  acetonitrile 


D08I8  PER  ORAM  BODT  WKIOHT 

BODY  WEIGHT 

RESULT 

mom. 

grams 

0.10 

17.0 

Dead 

0.15 

14.9 

Survived 

0.15 

16.0 

Survived 

0.20 

15.0 

Survived 

0.25 

12.4 

Dead 

0.30 

16.4 

Survived 

0.33 

15.0 

Dead 

0.35 

18.2 

Dead 

the  data  are  collected  for  this  incomplete  experiment.  The  variability 
of  the  lethal 'dose  is  conspicuously  high.  The  data,  even  without  any 
correction  for  the  change  in  toxicity  of  the  chemical,  do  not  lend  any 
support  to  the  supposition  of  a  diminution  of  the  resistance  to  acetoni- 
trile in  a  hot  climate.  It  rather  appears  as  if,  actually,  the  effect  were 
an  opposite  one,  which  would  tend  to  accentuate  the  slight  indications 
in  a  similar  direction  which  we  received  in  our  better  controlled  heat 
experiment  of  this  sort. 

Translating  our  results  into  terms  of  thyroid  activity  according  to 
our  accepted  principles  we  may  say  that  confinement  of  mice  even  for 
several  generations  does  not  increase  this  activity  but  rather  acts  in  an 
opposite  direction.  Exposure  to  strong  light  seems  to  cause  a  sUght 
diminution  of  the  thyroid  hormone  in  the  blood.    These  results  seem 
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further  to  be  in  full  accord  on  one  side  with  the  seasonal  curve  of  thy- 
roid activity  that  Hunt  has  reported,  and  on  the  other  side,  with  regard 
to  the  heat  experiments,  with  the  findings  of  investigators  who  have 
furnished  histological  evidence  of  a  resting  condition  of  the  thyroid  in  a 
hot  environment.  Whether  these  changes  form  a  link  in  the  adapta- 
tion mechanism  of  the  body  to  a  tropical  environment  is  impossible  at 
present  to  say.  It  is  possible  that  the  demand  for  active  thyroid  hor- 
mone is  diminished  in  the  Tropics,  where  the  ''inside  fires  are  banked." 
Observations  that  an  increase  in  external  temperature  enhances  the 
toxicity  of  thyroid  medication  seems  to  indicate  that  the  body  might 
in  a  hot  climate  instinctively  lessen  the  flow  of  thyroid  secretion  into 
the  blood.  Although  it  must  once  more  be  emphasized  that  experi- 
mental results  obtained  on  animal  species  cannot  directly  be  applied 
to  human  medicine,  we  are  nevertheless  compelled  to  be  sceptical  about 
certain  "clinical"  reports  of  tropical  practitioners  who  announce  won- 
derful benefits  from  the  use  of  th3rroid  preparations  on  various  condi- 
tions of  debiUty. 

The  question  which  was  the  immediate  origin  of  this  ingress  into  the 
field  of  internal  secretion,  namely,  whether  the  retardation  of  growth 
of  mice,  which  are  adapted  to  a  humid  and  hot  environment,  may  be 
attributable  to  a  stimulation  of  thyroid  secretion  must  be  answered  in 
the  negative. 

SUMMARY 

1.  The  resistance  of  mice  to  acetonitrile  is  not  augmented  in  humid 
heat;  the  small  material  at  hand  indicates  on  the  contrary  a  slight  dimi- 
nution of  this  resistance.  It  is,  therefore,  suggested,  in  the  Ught  of 
accepted  principles  regarding  the  correlation  of  acetonitrile  resistance 
and  th3rroid  activity,  that  the  tropical  climate — at  least  for  mice — may 
lessen  the  demands  for  thyroid  hormone  in  the  body. 

2.  The  retardation  of  growth  of  mice  which  has  been  observed  to 
occur  in  humid  heat  is  not  attributable  to  a  stimulation  of  the  thyroid 
activity. 

3.  The  resistance  of  mice  exposed  to  strong  Ught  at  ordinary  room 
temperature  is  slightly  diminished. 
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STUDIES  ON  THE  ADAPTATION  OF  ALBINO  MICE  TO  AN 
ARTIFICIALLY  PRODUCED  TROPICAL  CLIMATE 

V.  Effect  of  Humid  Heat  on  the  Blood  Morphology  of  Mice 
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Probably  the  first  contribution  of  scientific  value  to  tropical  physiol- 
ogy was  made  in  the  realm  of  blood  morphology.  Among  medical 
as  well  as  lajrmen  the  conception  had  been  prevalent  that  the  tropical 
climate  as  such  may  aflfect  the  blood  conditions  and  cause  a  "tropical 
anemia."  A  number  of  short,  more  or  less  well-controlled  investiga- 
tions was  therefore  made  on  the  blood  picture  of  individuals  who  for 
a  time  had  resided  in  the  Tropics.  They  all  seemed  to  refute  the 
existence  of  an  anemia  of  purely  climatic  etiology.  These  results  have 
at  a  later  date  been  confirmed  by  more  extensive  and  systematic  in- 
vestigations (1).  As  to.  the  red  blood  corpuscles,  some  observers  have 
gone  so  far  as  to  postulate  that,  in  analogy  with  experiences  in  high 
altitudes,  the  number  of  erythrocytes  may  as  a  rule  be  increased  in 
healthy  inhabitants  of  the  Tropics  (2).  Still  less  consensus  of  opinion 
exists  with  regard  to  the  white  blood  corpuscles.  While  most  reports 
(3)  indicate  that  their  number  generally  Ues  in  the  lower  part  of  the 
range  for  temperate  climates,  other  investigators  (4)  are  inclined  to  the 
view  that  a  slight  hyperleucoc3rtosis  is  produced  by  heat.  A  few 
observations  (5)  which  point  to  the  existence  of  lymphocj-tosis  and  a 
shift  to  the  left  of  the  Ameth  index,  have  been  criticised  as  paying  not 
suflScient  attention  to  the  possible  effects  of  parasitological  ailments, 
and  on  the  other  hand  not  considering  various  climatic  conditions  and 
seasonal  variations.  It  is  surprising  that,  so  far  as  I  am  aware,  no 
attempts  have  been  made  to  approach  these  problems  by  experi- 
ments on  animals,  living  for  longer  periods  of  time  in  an  artificially 
produced  tropical  environment.  Of  considerable  interest  in  this  connec- 
tion is,  however,  a  research  series  published  by  Murphy  and  Sturm  (6). 
These  investigators  found  that  after  exposure  for  5  minutes  to  dry 
heat — 55  to  65®C. — the  blood  picture  of  rats,  mice  and  guinea  pigs 
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underwent  decided  alterations.  The  white  blood  count  dropped  and 
this  change  afifected  equally  the  mono-  and  poly-nuclear  cells.  During 
the  days  succeeding  the  transfer  back  to  a  cool  environment  the  curves 
commenced  to  rise  and  reached  finally  levels  far  above  the  original 
counts.  The  lymphocytes  were  primarily  afifected  by  this  compen- 
satory change.  It  was  further  found  by  Nakahara  (7)  that  after  the 
heat  treatment  numerous  degenerated  cells  were  present  in  the  spleen 
and  in  the  lymphatic  glands.  An  enhanced  cell  proliferation  was 
discernible  during  the  after-period. 

It  occurred  to  me  that  my  healthy  and  well-controlled  mice  series 
might  ofifer  an  ideal  material  for  studies  on  the  effect  of  humid  heat  on 
the  blood  morphology.  Insofar  as  time  and  available  animals  per- 
mitted I  therefore  gave  my  attention  to  this  line  of  research.  As  the 
customary  method  of  drawing  the  blood  from  the  tail  vein  of  mice 
seemed  to  me  to  be  open  to  criticism,  I  decided  to  let  my  blood  samples 
represent  as  large  part  of  the  total  bloOd  volume  as  possible.  I  there- 
fore killed  the  animals  by  cutting  their  throats  and  collected  the  freely 
flowing  blood  on  a  watch  glass.  After  quick  mixing  of  the  blood  the 
blood  pipettes  were  filled  within  a  few  seconds  after  the  operation. 
A  few  times  control  countings  were  made  by  filling  two  pipettes  from 
the  same  blood  sample  with  satisfactory  agreement  between  the  results. 
While  thus  the  method,  with  regard  to  blood  counts,  was  fully  satis- 
factory and  obviously  superior  to  the  employment  of  peripheral  blood 
for  the  purpose,  I  regret  to  say  that  the  blood  smears — ^four  or  five 
from  each  mouse — did  not  fulfil  my  expectations.  Differential  counts 
obtained  from  different  slides  for  the  same  animal  did  not  agree.  Most 
probably  the  time  consumed  in  preparing  the  slides  was  sufficient  for 
the  blood  cells  to  commence  to  settle  down.  Stirring  did  not  com- 
pletely restore  the  original  distribution  of  different  classes  of  white 
cells.  Under  those  circumstances  it  would  have  been  waste  of  time  to 
continue  differential  counts,  the  results  of  which  would  have  been 
uncertain.  I  gained,  however,  the  impression  that  the  mononuclears 
— especially  the  large  ones — were  relatively  numerous  in  both  series, 
heat  and  control.  In  the  latter  they  seemed  to  exceed  the  figures 
published  by  other  observers  (8).  I  abstained  also  from  a  classification 
of  the  polynuclears,  since  this  apparently  offers  considerable  difficulties 
in  mice.  I  received  from  a  few  comparative  observations  the  impression 
that  more  rod  nucleated  polymorphonuclears  in  proportion  to  poly- 
morphonuclears with  a  vacuolized  or  pycnotic  nucleus  were  found  in  the 
mice  from  the  hot  environment  than  in  the  controls. 
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Red  blood  corpuscles.  In  ten  control  mice  the  average  red  count  was 
10.14  million  with  a  standard  deviation  of  0.75  million.  Since  the  red 
counts  of  males  and  females  agreed  in  all  respects  I  did  not  attempt  to 
treat  them  separately.  The  sexes  were  furthermore  equally  repre- 
sented in  all  series.  The  number  of  erjrthrocytes  of  the  controls  agrees 
weD  with  standard  figures  reported  by  Klieneberger  and  Carl  (8), 
average  9.73  million,  and  by  Lange  (9),  males  9.48  and  females  9.18 
million.  In  16  mice  which  had  been  exposed  to  heat  since  they  were 
3  weeks  old  the  red  count  was  11.16  million  with  a  standard  deviation 
of  1.16  million.  An  increase  of  10  per  cent  had  consequently  taken 
place  in  the  average  red  count  of  the  heat  mice.  The  chance  that  this 
increase  was  accidental  is  one  in  142.  If  the  eight  red  counts  that  were 
performed  on  various  other  series  of  "immigrant"  heat  mice  are  added 
the  average  of  the  24  variates  remains  the  same,  11.13  millions.  The 
average  of  eight  red  counts  on  mice  which  were  bom  in  the  hot  environ- 
ment was  12.10  million  which  seems  to  indicate  that  a  progressive 
change  in  a  positive  direction  of  the  number  of  erythrocytes  took  place 
in  the  "descendant"  generations.  The  greater  part  of  this  rise  of  the 
erythrocyte  curve  is  doubtless  due  to  inspissation  of  blood  but,  con- 
sidering the  synchronous  progressive  drop  in  the  total  white  count, 
which  will  be  referred  to  below,  the  possibility  cannot  be  excluded  that 
a  real  increase  of  small  dimensions  might  have  occurred  in  the  number 
of  red  corpuscles  in  those  mice  which  were  adapted  to  a  hot  and  humid 
environment. 

White  blood  corpuscles.  The  table  below  gives  a  comprehensive  idea 
of  the  changes  of  the  total  white  count  in  mice  which  were  reared  in  the 
"tropical"  environment.  The  average  count  for  the  control  animals 
closely  resembles  the  standard  figure  given  by  Klieneberger  and  Carl 
(8)  7400.  The  number  of  white  blood  cells  of  "immigrants"  in  the 
hot  room  is  lower  but  the  probable  error  of  the  difference  is  too  large  to 
allow  any  definite  conclusion  to  be  drawn.  Both  series  of  the  first 
generation  bom  in  the  hot  environment — one  kept  in  subdued  light  and 
the  other  exposed  to  the  light  from  a  100  watt  "Mazda"  at  close 
range — agree  closely  with  regard  to  their  avarage  white  count.  The 
chance  that  the  difference  between  the  controls  and  these  "descendants" 
would  be  accidental  is  one  in  100.  The  white  count  of  the  fourth 
generation  is  still  lower. 

A  correction  for  the  inspissation  of  the  blood  in  the  mice  from  the 
"tropical"  room  would  only  serve  to  accentuate  the  difference  in  white 
count  between  the  controls  and  the  heat  mice.    We  seem  to  be  justified, 
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therefore,  in  assuming  that  the  heat  tends  to  lower  the  number  of 
white  blood  corpuscles,  which  is  in  agreement  with  the  majority  of 
observations  on  hxmian  blood  in  the  Tropics.  We  are  led  by  these 
results  to  believe  that  the  organs  concerned  in  the  formation  of  white 
blood  ceUs  are  sensitive  to  tropical  heat.  In  the  experiments  from  the 
Rockefeller  Institute  which  we  have  referred  to  above,  the  extreme 
heat  stagnation  lasted  only  for  a  very  short  time.  Under  the  climatic 
conditions  that  prevail  in  the  Tropics  and  which  we  have  imitated  in 
these  studies  the  moderate  heat  stagnation  is  continuous.  The  results 
seem  to  be  the  same  in  both  cases  with  regard  to  the  effect  of  the  heat 
on  the  cellular  activities  that  control  the  supply  of  white  blood  cells. 
It  is  regrettable  that  I  omitted  to  consider  the  effect  on  the  white  count 
a  transfer  of  the  mice  to  a  cool  environment  would  have  caused.    It  is 


TABLE  1 
Average  white  count  xoith  standard  deviation  in  control  and  four  series  of  heat  mice 


Control  mice 

Heat  mice,  "immigrants'' 

Heat  mice,  "descendants" 

1.  generation  subdued  light 
Heat  mice,  "descendants'' 

1.  generation  strong  light. . . 
Heat  mice,  "descendants" 

4.  generation 


NVMBBR  or 

VAKIATES 


38 
13 

25 

25 

25 


7300 
6880 

5730 

5550 

4950 


BTANDAKD 
DEVIATION 


2170 

3170 
2010 
2050 
1730 


possible  that  those  investigations  of  human  blood  in  the  Tropics  which 
have  showed  a  hyperleucocytosis — supposing  pathological  factors  were 
absent — have  been  made  primarily  during  cooler  respites  and  that  the 
increase  of  white  cells  they  indicate  is  analogous  to  the  hyperleucocy- 
tosis which  Murphy  and  collaborators  observed  as  an  after  reaction 
to  the  hot  air  treatment  of  their  animals. 

8UMMAHY 

1.  Progressive  changes  in  direction  of  an  increase  of  the  number  of 
erythrocytes  were  observed  in  mice  which  for  the  greatest  part  of  their 
life  or  since  birth  had  been  confined  in  huimid  heat.  It  is  suggested 
that  this  change  is  primarily  due  to  inspissation  of  blood. 

2.  Progressive  diminutions  of  the  white  count  occurred  in  a  number  of 
generations  of  mice  which  were  reared  in  humid  heat.    It  is  suggested 
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that  this  change  was  produced  by  high  sensitivity  to  an  increase  of 
temperature  exhibited  by  organs  concerned  in  new  formation  of  white 
blood  cells. 
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The  first  communication  of  this  series  concerned  a  group  of  experi- 
ments the  results  of  which  were  of  interest  in  two  of  the  many  phases 
involved  in  the  complex  question  of  nutrition  of  the  fetus.  In  these 
experiments  it  was  found  that  both  iron  ammonium  citrate  and  sodium 
ferrocyanide,  when  given  in  a  solution  containing^  equal  amounts  of 
each  salt,  passed  through  the  easily  permeable  maternal  endothelium  in 
ten  minutes.  Both  of  these  salts  penetrated  the  syncytial  layer  of  the 
chorionic  ectoderm  in  about  two  hourS;  and  finally  the  ferrocyanide 
reached  the  fetal  circulation  in  four  or  five  hours  while  the  citrate  had 
not  done  so  at  the  end  of  ten. 

When  the  placentae  and  membranes  from  these  animals  were  fixed 
in  an  acid  medium  Prussian  blue  granules  Were  precipitated  in  char- 
acteristic regions  of  the  chorionic  ectodermal  layer.  Each  giant  cell 
was  surrounded  by  a  ring  of  blue  granules  and  both  the  portion  of  the 
syncytium  bordering  the  maternal  endothelium  and  some  of  the  fine 
strands  of  cytoplasm  which  appear  between  the  large  vacuoles,  seen 
in  the  fixed  material,  also  contained  the  Prussian  blue.  The  distribu- 
tion of  the  granules  of  Prussian  blue  indicated  the  distance  to  which 
the  citrate  had  penetrated.  The  area  in  which  these  granules  were 
found  seemed  therefore  to  have  special  significance,  and  this  finding 
suggested  that  perhaps  this  was  an  area  in  which  some  particular  phys- 
iological activity  took  place,  perhaps  the  breaking  down  and  resyn- 
thesizing  of  substances  finally  intended  for  fetal  consumption.  On  the 
other  hand  the  fact  that  these  two  salts,  which  diffuse  at  approximately 
the  same  rates  through  inert  membranes,  should  show  such  different 
properties  when  brought  into  contact  with  the  placental  membrane, 
suggested  that  there  must  be  some  factors  involved  in  placental  inter- 
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change  other  than  the  simple  diffusion  of  molecules  in  the  physical 
sense.  Several  suggestions  were  made  as  to  the  possible  nature  of  these 
additional  factors,  the  most  plausible  being  that  the  chorionic  ectoderm 
was  capable  of  breaking  down  the  citrate  in  such  a  way  that  the  ferric 
iron  no  longer  reacted  as  such. 

Two  very  interesting  papers,  appearing  too  late  to  be  referred  to  in 
the  first  number  of  this  series,  are  important  in  relation  to  the  two  princi- 
pal conclusions  which  have  been  outlined  above.  Wislocki  (37)  has 
studied  the  distribution  of  trypan  blue  in  the  placenta  of  the  cat,  after 
administration  to  the  mother  in  repeated  doses.  It  may  be  seen  by 
looking  at  his  figures  14  and  15,  plate  4,  that  the  distribution  of  the 
droplets  of  trypan  blue  in  the  syncytium  of  the  fetal  ectoderm  is  quite 
similar  to  that  which  I  have  described  for  the  Prussian  blue.  This 
fact  is  interesting  because  it  demonstrates  that  this  particular  area  of 
the  fetal  chorionic  syncytium  is  capable  of  reacting  to  at  least  two  types 
of  substanceS;  one  of  which  is  an  inert  colloid  and  the  other  a  diffusible 
salt.  From  these  observations  it  may  be  safely  suggested  that  much 
of  the  normal  physiological  activity  of  the  placenta  is  localized  in  this 
area. 

The  other  paper  which  is  of  such  particular  interest  in  this  connection 
is  one  by  Edelstein  and  Ylppo  (7).  These  authors  made  comparative 
studies  of  the  blood  of  the  mother  and  the  newborn  child.  They  deter- 
mined the  amount  of  sodium  and  potassium  in  both  bloods;  and  foimd 
that  in  all  cases  the  sodium  content  was  greater  in  the  fetal  blood  than 
in  the  maternal.  In  nine  cases  they  also  found  that  the  amount  of 
potassium  was  larger  in  the  fetal  blood  than  in  that  of  the  mother,  but 
there  were  three  interesting  exceptions;  in  two  of  these  the  maternal 
content  was  much  higher,  the  fetal  remaining  exactly  the  same  as  in 
the  other  nine  cases.  The  abnormally  high  percentage  for  the  maternal 
blood  in  these  two  cases  the  authors  attribute  to  nutritional  factors. 
In  the  third  case  where  the  usual  ratio  was  not  found,  the  content  of 
the  maternal  and  fetal  bloods  in  potassium  was  the  same.  In  this 
instance  the  mother  and  child  were  both  syphilitic  and  the  authors 
suggest  that  the  normal  regulating  mechanism  of  the  placenta  may  have 
been  impaired  so  that  the  salts  could  pass  more  easily,  perhaps  even  as 
in  the  case  of  an  inert  membrane.  They  consider  that  their  results 
give  evidence  that  the  passage  of  salts  from  mother  to  fetus  is  not 
controlled  entirely  by  the  laws  of  osmosis  and  diffusion,  and  suggest 
that  the  mechanism  of  placental  transfer  is  regulated  by  certain  vital 
cellular  activities  similar  to  those  obtaining  in  intestinal  and  kidney 
cells. 
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The  interchange  of  salts  and  the  localization  of  activities  in  the  pla- 
centa are  two  of  the  most  essential  points  to  be  considered  in  studjring 
the  phases  of  the  activities  in  which  that  membrane  is  called  upon  to 
mediate.  Many  possible  explanations  of  these  phenomena  have  been 
suggested,  yet  none  of  these  can  be  entirely  correlated  with  the  great 
mass  of  evidence  which  has  accumulated  on  the  subject. 

This  number  of  the  series  is  intended  to  examine  the  reaction  of  the 
cat's  placenta  after  more  extended  exposures  to  sodium  ferrocyanide 
and  iron  ammonimn  citrate  than  those  reported  in  the  iSrst  paper,  to 
control  the  interactions  of  the  two  salts  by  studying  them  separately, 
and  to  further  control  the  use  6f  anesthetics  by  several  new  methods. 
With  these  facts  established  as  far  as  possible  with  the  limited  material 
at  hand  some  attempt  is  made  here  to  determine  the  exact  bearing  of 
these  experiments  upon  the  question  of  placental  interchange  and  to 
establish  their  proper  relationship  to  the  other  work  which  has  been 
done. 

Materials  and  methods.  The  animals  used  were  pregnant  cats,  in 
the  latter  half  of  gestation,  the  yoimgest  fetus  measuring  79  mm.  and 
the  oldest  110  mm.  The  methods  employed  were  in  general  similar  to 
those  recorded  in  the  earlier  communication  (6),  and  were  briefly  as 
follows:  the  animals  received  balanced  solutions  of  sodiimi  ferrocyanide 
and  iron  anunonium  citrate,  the  usual  strength  was  1^  per  cent  of  each 
salt.  The  solution  was  injected  into  the  vein  of  the  fore-leg,  the  tem- 
perature and  rate  of  flow  being  kept  constant.  At  the  termination  of 
the  experiment  the  animal  was  killed,  the  uterus  opened  and  the  fluid 
carefully  withdrawn  from  the  amniotic  sac  with  a  syringe  and  needle. 
The  fluid  was  then  tested  for  the  experimental  salts.  The  fetuses  were 
removed  and  their  abdominal  cavities  opened.  If  the  bladder  was  dis- 
tended, it  was  handled  as  in  the  case  of  the  amniotic  sac.  The  placenta 
and  membranes  were  fixed  in  Bouin's  fluid,  the  acetic  acid  in  the  mix- 
ture precipitating  the  Prussian  blue.  In  the  present  series  of  experi- 
ments some  placental  tissue  was  also  fixed  in  neutral  formalin  and  95 
per  cent  alcohol.  In  the  analysis  of  the  amniotic  liquid  and  fetal 
urine,  solutions  of  ferric  chloride  and  ferric  sulphate  were  used  to  test 
for  the  ferrrocyanide,  and  ferrocyanide  was  used  to  determine  the  ferric 
iron.  The  longest  experiment  in  the  first  series  was  10  hours.  In  this 
series  the  duration  of  the  experiments  was  extended  to  14,  18  and  24 
hours.  No  animals  were  kept  exposed  to  either  or  both  of  the  two 
experimental  salts  longer  than  24  hours.  These  experiments  of  14, 
18  and  24  hours  were  on  animals  which  had  been  nephrectomized  under 
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ether  anesthesia,  the  salts  injected  intravenously  and  the  animals 
allowed  to  recover.  They  remained  entirely  normal  in  appearance  up 
to  about  20  hours  when  they  became  slightly  drowsy. 

A  few  other  experiments  using  each  of  the  two  salts  alone  were  carried 
out  to  determine  whether  the  sodium  ferrocyanide  had  any  part  in 
preventing  the  passage  of  the  iron  ammoniiun  citrate  through  the 
placenta.  Finally  several  experiments  of  4  to  10  hours  duration  both 
on  animals  which  had  been  nephrectomized  and  on  others  with  function- 
ing kidneys,  were  done  under  urethane.  These  experiments  were  carried 
out  as  controls  for  those  done  imder  ether,  since  urethane  has  been 
found  to  be  practically  without  effect  on  respiration,  circulation,  etc. 

ExperimerUal  residts.  On  histological  examination,  the  placentae 
from  those  experiments  in  which  a  combined  injection  of  sodium  ferro- 
cyanide and  iron  ammonium  citrate  was  given,  presented  the  same 
general  features  as  those  described  for  the  shorter  experiments.  In 
all  of  them  in  which  the  fetuses  were  alive  when  the  animal  was  sacrificed 
the  Prussian  blue  could  be  seen  surrounding  the  giant  cells  in  a  definite 
blue  ring,  a  few  granules  of  blue  could  occasionally  be  seen  within  these 
ceUs,  but  these  were  quite  rare. 

The  maternal  endotheUal  cells  contained  a  few  blue  granules  within 
their  cytoplasm,  these  were  however  less  in  number  than  those  found 
in  experiments  of  2  to  4  hours  duration.  The  striking  finding  was  again 
the  appearance  of  the  syncytimn  of  the  chorionic  ectoderm:  here  the 
Prussian  blue  was  precipitated  in  clumps  and  fine  lines  within  the  cyto- 
plasm adjacent  to  the  maternal  endothelium  and  extended  between  the 
nuclei,  sometimes  as  far  as  the  end  of  the  nucleus  nearer  the  fetal  ves- 
sels. The  border  of  the  chorionic  ectoderm  adjacent  to  the  fetal  vessels 
always  remained  free  of  the  Prussian  blue. 

In  most  of  the  experiments  having  a  duration  of  more  than  8  hours 
there  was  evidence  of  some  precipitation  of  Prussian  blue  in  the  living 
placenta,  but  this  was  never  extensive.  In  these  cases  some  of  the  tissue 
was  always  fixed  in  neutral  formalin  or  alcohol  and  care  was  taken  that 
no  acid  reagent  came  in  contact  with  the  sections  during  staining. 
In  this  way  the  amount  and  distribution  of  this  precipitation  has  been 
determined.  Sections  from  these  placentae  showed  the  usual  distribu- 
tion of  Prussian  blue  but  the  amount  was  very  greatly  reduced,  usually 
there  were  a  few  fine  granules  between  the  maternal  endothelium  and 
the  chorionic  ectoderm  and  others  distributed  in  the  border  of  the  syn- 
cytial layer  of  the  chorionic  ectoderm  adjacent  to  the  maternal  circu- 
lation.   These  observations  are  interesting  because  they  indicate  the 
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involvement  of  some  factor  that  brings  about  a  partial  precipitation 
of  the  Prus&ian  blue  during  the  life  of  the  cells;  That  this  is  true,  (i.e., 
that  the  chorionic  ectodermal  cells  are  still  living  when  the  precipita- 
tion takes  place)  is  evidenced  by  the  totally  unstsdned  state  of  the  nu- 
cleus. In  all  histological  preparations  from  the  experiments  of  this 
series  and  those  reported  before,  a  few  nuclei  can  be  found  that  have 
stained  a  diffuse  blue;  these  unquestionably  indicate  cellular  death, 
but  there  has  been  no  evidence  of  any  increase  in  the  nimiber  of  stsdned 
nuclei  in  the  experiments  of  longer  duration  or  in  those  in  which  the 
maximum  degree  of  intrsrvitam  precipitation  has  been  found.  This 
observation  indicates  that  the  degeneration  of  the  protoplasm  and  the 
consequent  production  of  acid  can  not  be  admitted  as  a  likely  explana- 
tion of  the  partial  precipitation  of  the  blue  granules. 

Turning  now  to  the  experiments  of  longer  duration  in  which  the 
citrate  was  used  alone,  only  three  animals  were  available  for  this  pur- 
pose. In  two  of  them  double  the  usual  dose  of  the  iron  ammoniimi 
citrate  was  given  and  the  animals  sacrificed  at  12  and  18  hours  respec- 
tively. In  neither  case  was  there  any  evidence  of  ferric  iron  in  the 
urine  of  the  fetuses  or  in  the  amniotic  fluid.  In  the  third  it  was  thought 
interesting  to  try  a  very  large  dose  with  the  hope  of  overloading  the 
placental  mechanism  and  then  finding  the  passage  of  ferric  iron  to 
demonstrate  that  the  membrane  as  such  was  permeable  to  the  simple 
salt.  In  this  animal  4^  grams  were  injected  intravenously  into  the 
circulation  of  the  mother  in  a  2  per  cent  solution.  The  animal  was 
somewhat  toxic  as  the  result  of  this  large  dose  and  after  about  5  hours 
became  quite  sleepy.  Sacrificed  at  12  hours  the  fetal  urine  in  one 
bladder  showed  what  was  thought  to  be  a  trace  of  ferric  iron  but  the 
test  was  questionable.  The  amniotic  fluid  was  frankly  negative.  How- 
ever it  seems  probable  that  a  very  small  amount  of  ferric  iron  had  passed 
to  the  fetal  circulation  and  had  been  excreted  as  such  by  the  fetal 
kidneys. 

The  results  obtained  when  urethane  was  used  as  the  anesthetic  were 
entirely  comparable  to  those  found  in  experiments  performed  on  animals 
under  ether  anesthesia,  or  on  decerebrate  animals,  as  described  in  the 
first  paper  of  this  series  (5). 

Discussion.  It  seems  evident  from  the  experiments  reported  above 
that  the  precipitation  of  the  Prussian  blue  granules  indicates  the  course 
of  the  sodium  ferrocyanide  and  the  iron  anunonium  citrate  through  the 
placental  tissues,  and  that  the  latter  salt  under  consideration  is  in  some 
way  arrested  or  changed  during  this  passage  so  that  it  does  not  enter 
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the  fetal  circulation  in  such  a  form  that  it  can  be  detected  by  the  reac- 
tions used.  Further  it  seems  certain  that  there  is  some  precipitation 
of  the  Prussian  blue  in  the  living  tissue,  because  such  an  intra-vitam 
formation  of  the  characteristic  blue  granules  was  not  accompanied  by 
any  findings  indicative  of  a  moribund  condition  of  the  cells.  If  one 
thinks  of  this  reaction  as  resulting  from  the  intact  molecules  of  the  two 
salts  by  the  intermediation  of  an  acid,  the  question  arises  as  to  the 
possibility  of  acid  formation  in  the  living  cell;  and  these  cells  are  un- 
questionably still  alive  even  though  they  may  be  injured  to  a  consid- 
erable extent.  Whether  enough  acid  can  be  produced  in  protoplasm 
as  the  result  of  injury  to  cause  such  a  precipitation  without  killing  the 
cell  is  most  difficult  to  answer.  It  hardly  seems  possible  in  the  present 
case  because  distribution  of  the  Prussian  blue  granules  was  so  general 
throughout  the  placenta  that  had  the  cells  been  dead  the  entire  plsr 
centa  must  have  ceased  functioning.  It  was  interesting  to  find  that 
the  death  of  the  fetus  did  not  seem  to  increase  the  precipitation  of  the 
Prussian  blue.  On  the  whole  the  explanation  which  seems  most  logi- 
cal is  that  the  chorionic  ectoderm  has  the  power  of  altering  the  chemical 
structure  of  this  compound,  and  that  one  stage  in  this  process  results 
in  the  change  of  the  iron  ammoniimi  citrate  in  such  a  way  that  a  com- 
pound is  formed  which  would  combine  with  the  sodium  ferrocyanide 
and  form  Prussian  blue.  Harvey  and  Bensley  (10)  have  suggested 
that  ammonia  might  be  removed  from  iron  ammonium  citrate  in  the 
blood  stream  and  the  resulting  ferric  citrate  be  free  to  combine  with 
the  cyanide;  perhaps  the  reaction  taking  place  in  the  placenta  is  similar 
to  this.  If  this  hjrpothesis  were  true  then  longer  exposure  of  animals 
that  had  received  a  single  dose  given  at  the  beginning  of  the  experiment 
should  show  increasing  amounts  of  the  Prussian  blue  formed  during 
life.  This  has  been  found  to  be  the  case.  Again  it  must  be  asked  what 
prevents  the  remaining  citrate  which  is  evidently  free  in  the  blood  stream 
and  unchanged  in  the  ectoderm,  from  passing  to  the  fetal  blood  stream. 
It  seems  necessary  to  postulate  two  forces,  one  which  stops  the  citrate 
in  its  passage  through  the  placenta,  and  another  that  is  capable  of 
changing  it  in  such  a  way  that  a  ferric  citrate  is  formed.  It  is  also 
possible  that  still  further  or  perhaps  different  reactions  also  take  place 
within  the  cytoplasm  of  the  chorionic  ectoderm. 

There  is  also  the  possibility  that  the  Prussian  blue  has  been  formed 
in  the  blood  stream  and  the  granules  actively  phagocytized  by  the  tis- 
sues of  the  placenta.  The  molecules  of  Prussian  blue  are  as  small  as 
those  of  trypan  blue,  but  it  is  well  known  that  those  of  the  former  tend 
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to  form  aggregates  which  are  larger  than  particles  of  india  ink.  It  is 
evident  therefore  that  if  flocculation  has  taken  place  the  Prussian  blue 
would  not  be  phagocytized  while  if  the  chorionic  ectoderm  had  access 
to  the  freshly  precipitated  molecules  a  storage  similar  to  that  of  trypan 
blue  might  result.  That  this  is  not  the  case  is  indicated  by  the  rapidity 
with  which  the  Prussian  blue  reaction  takes  place  (8  to  10  hours),  while 
it  requires  2  to  3  days  for  the  storage  of  trypan  blue  to  take  place;  by 
the  lack  of  storing  of  Prussian  blue  in  the  numerous  cells  elsewhere  in 
the  body  which  do  store  vital  dyes ;  and  finally  by  the  absence  of  Prussian 
blue  granules  in  the  giant  cells  which  are  the  most  active  storehouses 
of  true  vital  dyes.  Whatever  may  be  the  explanation  of  this  reaction 
between  the  two  salts  and  the  formation  of  Prussian  blue  within  the 
living  cytoplasm  of  the  chorionic  ectoderm,  it  seems  certain  that  it 
cannot  be  the  cause  of  the  impermeability  of  that  structure  to  the  one 
salt  while  the  other  was  able  to  pass  to  the  fetal  circulation.  This  is 
further  evidenced  by  the  fact  that  the  ferrocyanide  could  be  detected 
in  those  animals  in  which  there  was  the  greatest  precipitation  as  well 
as  in  those  in  which  there  was  much  less,  and  there  was  invariably  a 
marked  increase  in  the  amoimt  of  Prussian  blue  found  in  the  chorionic 
ectoderm  after  acid  fixation.  That  this  reaction  is  of  very  great  impor- 
tance can  not  be  doubted,  but  further  investigation  will  be  required 
to  determine  its  meaning  and  relation  to  the  activities  of  the  placenta. 

There  is  sufficient  evidence  to  conclude  that  the  change  which  the 
iron  anmionium  citrate  evidently  undergoes  is  effected  in  a  definite 
and  given  area  of  the  tissues  intervening  between  the  maternal  and 
fetal  circulations.  This  localization  is  of  considerable  interest  because 
one  of  the  most  discussed  problems  in  fetal  nutrition  is  whether  the  food- 
stuffs used  by  the  fetus  are  actually  prepared  in  any  part  by  the  pla- 
centa, or  whether  they  are  derived  by  diffusion  directly  from  the  mater- 
nal blood  plasma,  having  been  prepared  by  the  maternal  tissues.  A 
very  large  group  of  workers  has  supported  the  idea  that  the  placenta 
was  actively  engaged  in  the  metabolism  of  the  fetal  foodstuffs,  and  a 
few  have  in  addition  specifically  locaUzed  these  activities  within  the 
placenta  itself. 

Claude  Bernard  (3)  showed  that  the  maternal  part  of  the  rabbit's 
placenta  contained  large  amounts  of  glycogen.  This  was  substantiated 
by  Driesen  (6)  in  the  human.  The  fetal  part  of  the  placenta  has  also 
been  found  to  give  a  glycogen  reaction  by  Langhans  (18),  (19),  and  by 
Zuntz  (38). 
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Ascoli  (1)  found  in  a  large  number  of  serological  experiments  on  for- 
eign proteins  that  these  could  not  pass  the  placenta  as  such,  he  also 
found  that  the  placenta  contained  proteolytic  ferments.  From  these 
and  other  experiments  he  concluded  that  the  placenta  was  capable  of 
breaking  down  proteins,  but  was  unable  to  decide  whether  these  were 
attacked  in  the  form  of  total  protein  molecules  or  as  some  intermediate 
product. 

Hofbauer  (12),  (14)  studied  the  distribution  of  fat  in  the  human  pla- 
centa and  foimd  that  the  part  of  the  syncytium  adjacent  to  the  maternal 
circulation  contained  no  fat  droplets  but  they  were  present  in  the  basal 
part  of  the  layer.  He  compares  this  finding  with  the  distribution  of 
fat  in  the  intestinal  cells  during  absorption  of  food  and  concludes  that 
the  two  processes  are  strikingly  similar.  Fiu-ther  Hofbauer  fed  animals 
and  pregnant  women  fat  stained  with  Sudan  III  and  he  claims  to  have 
found  that  both  maternal  and  fetal  bloods  contained  the  dye  but  the 
droplets  in  the  placenta  and  in  the  fetal  tissues  were  always  imstained. 
On  the  basis  of  his  histological  findings  in  the  hiunan  and  these  experi- 
mental findings,  he  concludes  that  fats  are  broken  down  in  the  outer 
layer  of  the  syncj^ium  and  resynthesized  to  form  a  fat  corresponding 
to  that  of  the  fetus.  Hofbauer  (16)  obtained  very  similar  results  in 
studying  the  absorption  of  iron,  finding  that  the  iron  granules  detected 
by  microchemical  reactions  became  more  and  more  evident  as  the 
fetal  vessels  were  approached.  He  also  considers  (15)  that  the  presence 
of  ferments  in  the  placenta  has  assisted  in  substantiating  his  views 
as  outlined  above.  Kehrer  (17)  and  Heyman  (11)  also  believe  that 
the  processes  in  the  placenta  are  analogous  to  those  in  the  mechanism 
of  food  absorption  of  the  intestine. 

The  extent  to  which  ferments  are  involved  in  placental  interchange 
is  still  uncertain.  Bergell  and  Falk  (2)  conclude  that  there  are  suffi- 
cient enzymes  in  placental  tissues  to  account  for  the  albumin  require- 
ments of  the  fetus.  These  enz3rmes  they  consider  as  unquestionably 
intra-cellular.  And  they  conclude  that  the  placenta  is  a  metabolistic 
organ,  regulating  the  fetal  nourishment,  and  that  it  is  more  analogous 
in  function  to  the  liver  than  to  the  intestine.  Frank  (8)  on  the  contrary 
after  a  careful  study  of  placental  and  fetal  ferments  and  enzymes  comes 
to  the  conclusion  that  his  results  afford  no  support  to  the  view  that  the 
placenta  acts  as  an  organ  of  digestion  for  the  fetus. 

During  the  last  four  or  five  years  a  large  nmnber  of  conununications 
has  brought  important  additional  information  to  assist  in  analyzing 
the  question  of  placental  transfer.    These  papers  have  dealt  with  the 
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chemical  analysis  of  the  bloods  of  mother  and  fetus;  modern  methods 
having  been  developed  which  permitted  the  determination  of  a  variety 
of  metabolic  substances  and  excretory  products  in  very  small  amounts 
of  blood.  Slemons  and  Bogert  (29)  have  established  that  the  maternal 
and  fetal  bloods  have  approximately  the  same  content  in  iu:ic  acid, 
Slemons  and  Morriss  (30)  have  obtained  similar  results  in  comparative 
studies  of  the  urea  and  non-protein  nitrogen,  in  the  two  bloods,  and 
Plass  (25),  (26)  found  an  equal  content  in  creatine  and  creatinin.  These 
observers  conclude  that  the  exactly  similar  content  of  the  fetal  and 
maternal  bloods  indicates  that  the  excretory  products  pass  the  placenta 
by  diffusion.  Morriss  (21)  found  that  the  blood  sugar  was  slightly 
higher  in  the  maternal  than  in  the  fetal  bloods;  this  he  interprets  as 
meaning  a  rapid  storage  or  metabolism  of  sugar  by  the  fetus  and  does 
not  think  it  indicates  any  regulatory  mechanism  in  the  placenta.  Morse 
(22)  has  foimd  that  the  aiiiino-acid  nitrogen  is  higher  in  the  fetal  than 
in  the  maternal  blood  serum.  To  explain  this  he  assumes  a  capability 
of  the  placenta  to  "absorb''  the  amino-acids,  a  mechanism  similar  to 
that  suggested  by  Van  Slyke  (33),  (34),  (35)  in  the  case  of  the  removal 
of  amino-acids  from  the  blood  stream  by  the  tissues.  From  this  evi- 
dence which  indicates  a  one-sided  permeability  he  is  forced  to  postulate 
a  mechanism  in  the  placenta  for  retaining  the  amino-acids  in  the  fetal 
circulation. 

Slemons  and  Stander  (31)  found  that  the  maternal  blood  contained 
a  much  larger  amount  of  lipoids  and  fats  than  the  fetal,  and  Mendel 
and  Daniels  (20)  found  that  stained  fats  would  not  pass  from  mother  to 
fetus  in  the  case  of  pregnant  rats.  Slemons  (27),  (28),  from  these  two 
groups  of  experiments,  concludes  that  the  fats  and  allied  substances 
do  not  pass  the  placenta,  and  that  the  fetus  constructs  its  own  fats 
from  the  carbohydrates  supplied  it  by  the  mother.  The  view  that  the 
fat  molecule  as  such  does  not  pass  the  placenta  has  been  generally 
accepted.  Oshima  (24)  in  particular  has  confirmed  this  by  ultramicro- 
scopic  studies  on  the  fat  content  of  maternal  and  fetal  bloods.  But 
that  some  allied  substances  can  traverse  the  placenta  is  indicated  by 
the  work  of  Hofbauer  (13)  and  of  Thiemich  (32).  They  fed  cocoa-fat 
to  pregnant  animals  and  found  fatty  acids  characteristic  of  this  fat  in 
the  fetus.  Finally  with  reference  to  the  transfer  of  iron  practically 
all  the  evidence  still  rests  on  the  microchemical  observations.  The 
present  status  of  the  question  is  well  stated  by  Slemons  (27)  as  follows: 

With  regard  to  iron  it  is  impossible,  at  present,  to  affirm  what  arrangements  are 
made  for  its  transportation  through  the  placenta.    This  intricate  and  unsolved 
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problem  occupies  a  unique  position  among  the  factors  of  fetal  nutrition.  Stored 
in  the  newly  bom  infant  there  is  a  large  quantity  of  iron,  so  large,  indeed,  that 
the  quantity  is  proportionately  much  greater  than  in  the  adult.  The  purpose  of 
this  storage  in  the  newborn,  Bunge  believes,  is  to  compensate  for  the  inadequate 
amount  of  iron  in  human  milk. 

These  various  observations  have,  I  think,  gone  far  toward  establishing 
the  importance  of  diffusion  in  the  passage  of  certain  substances  partic- 
ularly the  excretory  substances  of  the  fetus;  but  on  the  other  hand  the 
results  regarding  sugarj  amino-acids,  fats  and  iron  tend  to  suggest  a 
regulatory  mechanism  in  the  placenta  itself.  As  we  have  seen,  the 
work  of  Edelstein  and  Ylppo  (7)  indicates  a  regulatory  mechanism  for 
salts,  while  Cohnstein  and  Zuntz  (4)  come  to  the  opposite  conclusion. 

Nicloux  (23)  found  that  alcohol  and  ether  were  governed  in  theu: 
transmission  through  the  placenta  by  the  laws  of  osmosis  and  diffusion, 
and  from  these  observations  he  decided  that  all  diflfusible  substances 
including  true  solutions  of  soluble  salts  would  be  governed  by  the  same 
laws.  In  that  part  of  his  conclusion  which  is  based  upon  his  own  ob- 
servations there  is  no  possibility  of  adverse  criticism,  but  in  the  exten- 
sion of  his  theories  to  include  those  salts  that  had  only  been  reported 
on  by  others,  the  conclusion  is  made  too  general. 

Kehrer  (17)  concludes  that  all  serum-salts  which  are  not  combined 
with  albumin  and  protein  pass  through  the  placenta  easily  and  obtain 
entrance  to  the  fetal  blood.  This  transfer  he  beUeves  is  controlled  by 
osmosis  and  diffusion  alone.  The  question  ol  what  he  means  by  the 
combination  of  salts  with  proteins  is  very  interesting  because  it  is  con- 
ceivable that  any  and  every  salt  may  enter  into  some  kind  of  combina- 
tion with  some  larger  molecule  of  the  living  system.  It  is  very  probable 
that  any  salt  molecule  which  could  diffuse  freely  into  a  cell  would  leave 
it  equally  as  readily  unless  some  change  had  taken  place  in  its  physico- 
chemical  state  after  it  had  gained  entrance  to  the  cytoplasm.  From 
this  brief  review  of  the  conflicting  views  on  salt  transfer  it  is  evident  that 
a  decision  can  not  yet  be  made  as  to  whether  osmosis  and  diffusion 
represent  the  dominant  forces  engaged  in  the  transfer  of  those  soluble 
salts  which  are  normally  present  in  the  blood  plasma. 

The  forces  of  osmosis  and  diffusion  seem  inadequate  to  explain  the 
reaction  of  the  protoplasm  of  the  placental  cells  and  syncytium  to 
many  colloids.  Goldmann  (9)  and  Wislocki  (37)  have  shown  that  the 
placenta  is  practically  impermeable  to  trypan  blue  and  other  acid-azo- 
dyes,  while  these  dyes  are  stored  within  the  protoplasm.  Why  do  these 
molecules,  too  large  to  *'pass  through  the  placenta,"  pass  through  one 
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side  of  the  lining  substance  and  not  through  the  other?  There  must  be 
either  a  diflferenee  in  the  penneabihty  of  the  two  sides  of  the  placental 
tissue  or  else  the  dye  must  meet  with  some  chemical  or  physico-chemi- 
cal reaction  within  the  living  cytoplasm  which  prohibits  its  further 
progress. 

The  conflicting  reports  which  have  been  briefly  reviewed  above, 
and  the  results  so  far  reported  in  this  series  only  furnish  suj£cient  basis 
for  a  working  hypothesis  regarding  the  mechanism  of  placental  inter- 
change. This  theory  may  be  expressed  in  teAns  of  a  reclassification 
which  is  dependent  upon  specific  reactions  of  the  placenta  to  specific 
substances.  Three  groups  may  be  indicated:  a,  Those  substances 
which  are  diffusible  and  which  meet  with  no  mechanism  in  the  placenta 
capable  of  acting  on  them;  these  pass  by  diffusion  from  mother  to  fetus, 
or  in  the  reverse  direction  without  any  mediation  on  the  part  of  the 
placenta.  This  group  contains  most  of  the  excretory  products  of  the 
fetus,  and  large  nmnbers  of  foreign  substances,  many  of  which  are  highly 
toxic.  6,  A  group  of  substances  to  which  the  maternal  or  fetal  sur- 
faces of  the  placental  barrier  are  impermeable.  Here  may  be  grouped 
the  formed  elements  which  are  normally  present  in  the  circulation  and 
such  foreign  substances  as  insoluble  salts  (e.g.,  barium  sulphate)  and 
foreign  particulate  matter  such  as  india  ink,  cinnabar  and  bacteria, 
c,  Certain  substances  which  meet  a  definite  preformed  regulatory  mechar 
nism  in  the  placenta.  At  present  this  group  must  include  most  of  those 
substances  which  are  designed  for  the  fetal  metabolism  and  certain 
important  inorganic  salts,  especially  those  containing  iron. 

This  hypothesis  emphasizes  the  idea  that  the  placenta  is  an  apparatus 
to  insure  the  receipt  and  retention  of  sufficient  materials  for  fetal  metab- 
olism, and  that  this  is  accomplished  by  the  development  of  certain 
specific  reactions  which  are  probably  entirely  separate  entities  in  their 
physico-chemical  nature.  That  the  iron  ammonium  citrate  undergoes 
some  change  within  the  chorionic  syncytium  is  indicated  by  the  results 
of  the  experiments  reported  here.  But  there  is  very  little  evidence  as 
to  what  the  nature  of  the  reaction  may  be  save  that  at  some  stage  a 
compound  is  formed  that  reacts  with  sodium  ferrocyanide  to  form  Prus- 
sian blue;  with  regai'd  to  the  experiments  in  which  iron  ammonium 
citrate  was  used  alone  the  evidence  does  not  seem  to  be  sufficient  to 
authorize  the  conclusion  that  an  excess  beyond  the  normal  capacity 
of  the  placenta  would  diffuse  through  into  the  fetal  circulation,  but  is 
only  suggestive  of  that.  However  even  if  such  an  hypothesis  be  war- 
ranted there  is  still  the  evident  fact  that  the  mechanism  is  capable  of 
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dealing  with  an  almost  unbelievable  amount  of  the  salt,  so  much  in  fact 
that  experimentally  it  does  not  seem  possible  to  examine  it  because  the 
limit  of  the  amount  of  the  salt  that  the  animal  can  stand  seems  to  be 
about  equal  to  that  amount  which  the  placenta  is  capable  of  handling. 

CONCLUSION 

The  results  reported  here  suggest  that  the  iron  ammonium  citrate 
meets  a  specific  regulatory  mechanism  which  is  capable  of  changing 
quite  large  amounts  of  this  salt.  It  seems  probable  that  this  mechanism 
is  normally  concerned  with  the  control  of  the  passage  of  iron  containing 
substances,  the  decomposition  of  which  is  necessary  for  the  preparation 
of  iron  for  fetal  use  and  storage.  That  this  conclusion  can  only  be  sug- 
gestive and  not  absolute  is  clear,  but  it  is  certain  that  the  chorionic 
ectoderm  in  the  cat  does  react  differently  to  two  salts  whose  diffusion 
rates  are  not  greatly  dissimilar  when  measured  by  their  reaction  to 
other  living  membranes. 
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STUDIES  IN  EXPERIMENTAL  TRAUMATIC  SHOCK 

VI.  The  Liberation  of  Epinephrin  in  Traumatic  Shock 

D.  RAPPORT 
From  the  Laboratory  of  Physiology  in  the  Harvard  Medical  School 

Received  for  publication  January  10, 1922 

There  is  evidence  that  during  the  development  of  shock  there  is  a 
general  over-activity  of  the  sympathetic  division  of  the  autonomic 
system.  Thus,  there  is  acceleration  of  the  heart,  dilatation  of  the  pupils, 
and  a  generalized  vasoconstriction.  This  latter  factor  has  recently 
received  considerable  attention  and  has  been  emphasized  as  an  impor- 
tant conserving  mechanism.  Guthrie  (1)  has  observed  that  cutting  the 
nerve  supply  of  a  limb  in  a  normal  animal  would  result  in  an  increase  of 
blood  flow  through  that  limb  of  22  per  cent,  whereas  performing  the 
same  maneuver  on  a  shocked  animal  resulted  in  a  rise  of  blood  flow 
amounting  to  76  per  cent.  Erlanger,  Gesell  and  Gasser  (2)  found  that 
in  shock  produced  by  handling  the  abdominal  viscera  there  was  marked 
constriction  of  the  liirib  vessels  as  the  blood  pressure  dropped,  and 
that  not  until  the  pressure  had  reached  50  mm.  Hg.  did  the  vessels  of 
the  limb  dilate,  as  determined  by  their  inflow  method,  Cattell  (3)  has 
noted  a  similar  vasoconstriction  in  the  development  of  traumatic  shock. 
In  his  experiments,  vasodilatation  did  not  occur  until,  on  the  average, 
the  blood  pressure  had  been  reduced  to  65  mm.  Hg. 

Accompanying  this  vasoconstriction,  and  particularly  in  view  of  the 
symptoms  of  genera;l  sympathetic  stimulation,  it  would  be  not  unrea- 
sonable to  postulate  the  possibility  of  an  increased  activity  of  the  adrenal 
glands,  acting  either  as  an  ungovernable  and  deleterious  factor  in  the 
devetopment  of  shock,  or  as  a  secondary  conserving  mechanism,  or, 
conceivably,  as  an  incidental  concomitant,  without  special  significance 
in  this  connection. 

Whether  or  not  such  an  increased  activity  of  the  adrenals  occurs  has 
been  in  dispute.  Bedford  and  Jackson  (4)  and  Bedford  (5)  published 
observations  tending  to  show  that  in  shock  produced  by  handling  of 
the  intestine,  hemorrhage  and  occlusion  of  the  inferior  vena  cava,  there 
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is  an  increased  amount  of  epinephrin  in  the  caval  blood  at  a  point  oppo- 
site the  entrance  of  the  lumbo-adrenal  veins.  Dogs  were  used,  and  the 
method  involved  opening  of  the  abdomen  and  a  certain  amount  of  pre- 
liminary manipulation  of  the  abdominal  contents  before  the  supposed 
control  specimens  were  obtained.  The  blood  was  tested  for  epinephrin 
by  means  of  rabbit  intestinal  "strips."  The  conclusions  arrived  at  by 
Bedford  were:  a,  Increased  quantities  of  epinephrin  are  thrown  into  the 
blood  during  conditions  of  low  blood  pressure  and  shock.  6,  This  is  due 
to  hyperactivity — not  to  depletion  of  the  glands,  c,  The  quantity  of 
epinephric  material  in  the  blood  increases  only  after  a  somewhat  pro- 
longed continuation  of  the  conditions  leading  to  shock,  d.  The  quan- 
tity of  epinephric  material  in  the  blood  increases  with  the  prolongation 
of  the  period  of  low  blood  pressure  and  shock,  e,  This  increased  output 
of  epinephrin  into  the  blood  may  be  a  last  effort  on  the  part  of  the 
organism  to  resist  the  forces  that  are  tending  toward  a  fatal  degree  of 
low  blood  pressiu-e. 

Stewart  and  Rogoff  (6)  repeated  this  work,  using  essentially  similar 
methods,  but  were  unable  to  obtain  any  evidence  of  increased  liberation 
of  epinephrin  per  unit  of  time.  Shock  was  produced  by  intestinal 
manipulation,  hemorrhage,  and  '^peptone"  injections,  and  blood  from 
the  "cava  pocket''  was  assayed  by  means  of  rabbit  intestine  and  uterus 
segments.  These  authors  criticise  the  work  of  Bedford  on  the  groimd 
that  he  did  not  estimate  quantitatively  the  amount  of  epinephrin  per 
unit  of  time.  As  a  matter  of  fact,  however,  he  appears  to  have  taken 
into  account  the  rate  of  flow  from  the  lumbo-adrenal  veins  and,  allowing 
for  differences  in  the  rate,  there  is  still  evidence  in  his  published  figures 
of  increased  liberation  of  epinephrin  in  the  conditions  of  shock  produced 
in  his  experiments. 

In  view  of  the  above  conflicting  results,  and  in  view  of  the  possible 
significance  of  epinephrin  over-  or  under-production  as  a  shock  inducing 
factor,  the  experiments  that  I  report  were  undertaken. 

Method,  Cats  were  used  throughout,  and  they  were  anesthetized 
with  ether.  Thirteen  experiments  were  performed,  of  which  four  were 
controls,  in  which  the  adrenals  had  been  removed  prior  to  the  induction 
of  shock.  The  latter  was  accomplished  by  crushing  the  thigh  muscles 
of  one  leg.  In  the  majority  of  cases  the  sciatic  and  femoral  nerve 
trunks  were  cut  cephalad  to  the  region  of  crushing,  so  as  to  rule  out,  as 
far  as  possible,  the  question  of  reflex  nervous  stimulation  of  the  adrenal 
glands.  It  may  be  said,  in  passing,  that  no  striking  difference  was 
observed  in  the  two  types  of  experiments  and,  consequently,  any  posi- 
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tive  results  obtained  were  not  the  effect  of  repeated  passage  of  impulses 
centrally  along  the  large  nerve  trunks  of  the  leg. 

The  heart,  isolated  from  its  extrinsic  nervous  mechanism  by  cutting 
the  vagi  in  the  neck  and  removing  the  stellate  ganglia,  was  employed 
as  an  indicator  of  the  liberation  of  epinephrin  into  the  blood  stream. 
This  method  has  been  described  by  Cannon  (7).  The  stellate  ganglia 
were  removed  through  an  opening  between  the  first  and  second  ribs, 
under  artificial  respiration.  Blood  pressiu^  and  heart  rate  were  recorded 
by  a  cannula  in  the  carotid  artery,  connected  to  a  mercury  manom- 
eter. A  tracheal  cannula  was  held  in  place  by  a  tie  that  included  the 
inferior  thyroid  veins.  It  was  important  to  keep  the  temperature  as 
nearly  constant  as  possible.  This  was  accomplished  with  sufficient  ex- 
actness to  prevent  this  factor  from  having  appreciable  influence  on  the 
results. 

Experimental  observations.  Of  nine  experiments,  excluding  the  con- 
trols, five  showed  a  definite  rise  of  rate  as  the  blood  pressure  was  falling, 
indicating  increased  liberation  of  epinephrin.  Three  showed  either  no 
change  or  a  slight  drop  in  the  rate,  usually  gradual.  In  one  experiment, 
there  was  an  initial  rise  in  rate  immediately  after  crushing  the  muscles, 
due  possibly  to  nervous  stimulation,  as  the  leg  nerves  had  not  been  cut. 
Following  this,  the  rate  dropped  to  a  point  slightly  below  the  original 
rate,  but  42  minutes  after  the  injury  the  rate  began  to  rise  and  continued 
elevated  until  death,  70  minutes  later. 

It  is  interesting  to  note  that,  in  one  case  (cat  10,  group  I),  after  crush- 
ing and  massaging  the  muscles  of  the  thigh,  there  was  a  gradual  increase 
in  the  heart  rate  (196  to  212),  while  the  fall  in  blood  pressure  was  slight 
(122  to  100).  Moreover,  the  blood  pressure  at  this  time  could  not  be  said 
to  have  reached  a  "shock  level."  Under  the  usual  experimental  condi- 
tions, we  should  expect  to  find  with  this  slight  drop  in  blood  pressure  either 
no  change  in  the  heart  rate,  or  a  slight  fall.  The  fact  that  the  heart  rate 
was  increased  indicates  the  onset  of  a  condition  of  shock,  to  which  the 
blood  pressure  curve  would  have  given  no  definite  clue.  This  is  in  accord 
with  the  observations  of  Gesell  (8)  who  noted  that  the  development 
of  shock  might  be  indicated  by  the  reduction  in  the  volume  flow  of  blood 
through  the  submaxillary  gland  as  a  result  of  vasoconstriction — ^when 
the  drop  in  blood  pressure  had  not  yet  assumed  significant  proportions. 

It  will  be  well,  perhaps,  to  analyze  briefly  the  individual  experiments. 
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Group  7.    In  which  the  rate  was  elevated  during  the  development  of  shock. 
Five  cases. 

Cat  2,  9 ,  2.9  K,    Ether  anesthesia.    Vagi  ciU  and  stellate  ganglia  removed 


TIMB 

TBMPBRATUBB 

BLOOD  PBXaSUBB 

BBABT  BATB 

1:35 

'38.1 

143 

228 

1:40 

38.1 

152 

228 

1:45 

38.1 

155 

228 

1:45-48 

Crushed  muscles  of  left  thigh 

1:48 

38.1 

69 

228 

2:00 

38.1 

118 

237 

2:05 

38.2 

94 

248 

2:15 

38.1 

84 

242 

2:25 

37.6 

79 

234 

2:35 

37.8 

64 

231 

2:45 

38.0 

52 

220 

2:50 

37.2 

48 

214' 

3:00 

37.8 

41 

224 

3:05 

38.0 

40 

222 

3:10 

38.1 

40 

221 

3:15 

38.0 

24 

202 

3:25 

37.9 

20 

184 

Death  of  animal 

Average  rate  before  injury,  228.    Highest  rise  20  beats,  17  minutes  after  injury. 
Rate  elevated  for  47  minutes,  following  injury. 


Cats,  9,2.eK. 

Ether  anesthesia. 

Vagi  cut  and  stellate  ganglia  removed 

TIMB 

TBlfPBRATUBB 

BLOOD  PBB8SURB 

BBABT  BATB 

2:35 

37.9 

124 

190 

2:40 

37.9 

120 

184 

2:45 

37.9 

116 

183 

2:45H17 

Crushed  muscles  of  left  thigh 

2:47 

37.8 

92 

200 

2:55 

37.8 

81 

189 

3:00 

38.0 

83 

193 

3:10 

38.0 

83 

197 

3:20 

38.0 

80 

204 

3:30 

38.0 

78 

196 

3.40 

37.7 

56 

187 

3:50 

37.8 

47 

188 

3:55 

37.7 

47 

189 

4:05 

37.9 

49 

194 

4:15 

38.2 

48 

194 

4:30 

38.1 

50 

193 

Average  rate  before  injury  186.    Highest  rise  18  beats,  33  minutes  after  injury. 
Rate  elevated  for  43  minutes,  following  injury. 
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Cat  8,  9,  S  K.    Ether  anesthesia.    Vagi  cut  and  stellate  ganglia  removed,    Righi 
sciatic  and  right  femoral  nerves  cut 


TIM* 

TSMPBBATUBB 

BLOOD  PBBflBUBB 

HBABT  BATB 

10:30 

37.6 

135 

192 

10:35 

37.6 

132 

191 

10:40 

37.7 

135 

191 

10:43-45 

Crushed  muscles  of  right  thigh 

10:45 

37.7 

80 

204 

10:65 

37.6 

102 

212 

11:05 

37.6 

00 

214 

11:15 

37.8 

06 

212 

11:25 

37.6 

98 

213 

11:35 

37.6 

90 

208 

11:45 

37.7 

80 

208 

12:00 

37.6 

74 

206 

12:10 

37.6 

68 

196 

12:20 

37.6 

63 

190 

12:30 

37.6 

54 

187 

12:40 

37.6 

49 

189 

12:50 

37.5 

42 

184 

Death 

Average  rate  before  injury  191.    Highest  rise  25  beats,  20  minutes  after  injury. 
Rate  elevated  for  85  minutes,  following  injury. 

Cat  9,  9,  S  K.    Ether  anesthesia.    Vagi  cut  and  stellate  ganglia  removed.    Left 
sciatic  and  left  femoral  nerves  cut 


TIMB 

TBICPXBATUBB 

BLOOD  PBBflBVBB 

HEABT  BATB 

2:30 

36.8 

129 

208 

2:35 

36.8 

132 

202 

2:40 

37.0 

130 

202 

2:41-43 

Crushed  muscles  of  left  thigh 

2:43 

37.0 

97 

220 

2:50 

37.0 

105 

216 

3:00 

37.1 

99 

224 

3:10 

37.0 

89 

230 

3:20 

37.0 

78 

226 

3:30 

36.8 

63 

214 

3:45 

36.5 

52 

198 

4:00 

36.8 

58 

208 

Death 

Average  rate  before  injury  204.  Highest  rise  24  beats,  27  minutes  after  injury. 
In  this  animal  there  was  a  slight  premortem  rise,  10  beats  above  the  rate  of  the 
previous  observation. 
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CcU  10,  B.6  K,    Ether  anesthesia.    Vagi  cut  in  neck  and  stellate  ganglia  removed. 
Right  sciatic  and  right  femoral  nerves  cut 


TIMB 

TEMPERATUBB 

BLOOD  PBB88UBB 

HBABT  BATB 

10:50 

37.8 

140 

196 

10:55 

37.8 

140 

198 

11:00 

37.8 

140 

196 

ll:0a-05 

Crushed  muscles  of  right  thigh 

11:05 

37.8 

96 

198 

11:10 

37.8 

135 

198 

11:20 

38.0 

122 

196 

11:24-25 

Massaged  muscles  of  crushed  thigh 

11:25 

38.0 

112 

204 

11:30 

38.0 

120 

200 

11:35 

38.0 

115 

208 

11.45 

38.1 

108 

212 

11:50 

38.1 

105 

212 

12:00 

38.1 

100 

208 

12:10 

38.0 

88 

214 

12:20 

37.9 

82 

212 

12:25 

37.8 

80 

210 

12:40 

37.6 

83 

208 

12:60 

37.7 

77 

198 

1:00 

37.7 

74 

194 

1:15 

37.9 

45 

204 

Death 

Average  rate  before  injury  197.  Highest  rise  17  beats,  65  minutes  after  injury. 
Rate  elevated  for  105  minutes,  following  injury.  There  was  in  this  cat,  as  in 
cat  9,  a  slight  premortem  rise  of  10  beats.  In  cat  9  this  was  associated  with  a 
slight  rise  in  blood  pressure,  which  was  absent  in  cat  10.  I  can  oflPer  no  logical 
explanation  for  this  phenomenon. 

Cat  1,  group  II,  was  the  only  case  in  which  there  did  not  appear  to  be 
any  indication  of  over-activity  of  the  adrenals  shortly  after  injury.  In 
this  instance  the  pressure  dropped  after  injury  from  an  original  level  of 
108  mm.  to  65  mm.,  which  is  probably  below  the  critical  level  for  ade- 
quate nourishment  of  the  heart.  The  recovery  on  the  next  reading  was 
slight — 74  mm.  Hg.,  and  thereafter  the  pressure  never  rose  above  this 
dangerous  level.  It  is  conceivable  that  the  sharp  and  continued  drop 
in  pressure  was  injurious  to  cardiac  tissue.  Thus  in  a  number  of  cases 
reported  by  Stewart  and  RogofI  (9,  cases  443,  447,  448)  a  progressive 
fall  of  blood  pressure  below  80  mm.  Hg.  was  attended  by  a  more  or  less 
progressive  fall  in  the  heart  rate.  Similar  observations  have  been  made 
by  Cannon  and  Smith.    Probably  in  the  presence  of  very  low  pressure 
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Group  11,    In  which  the  rate  was  not  elevated  until  shock  was  fully  established. 
One  case. 


Catt,  9,B4K. 

Ether  anesthesia. 

Vagi  ciU  and  stellate  ganglia  removed 

TIME 

TEMPERATURE 

BLOOD  PBEMURE 

BEART  RATE 

10:20 

37.8 

105 

194 

10:25 

37.8 

109 

190 

10.30 

37.8 

108 

190 

10:30-33 

Crushed  muscles  of  left  thigh 

10:33 

37.8 

65 

212 

10:40 

37.8 

74 

193 

10:45 

37.8 

73 

186 

10:55 

37.8 

72 

175 

11:00 

37.4 

68 

178 

11:05 

37.4 

63 

182 

11:10 

37.4 

62 

183 

11:15 

37.7 

56 

188 

11:25 

38.0 

51 

198 

•    11:35 

38.2 

53 

206 

11:50 

38.4 

54 

203 

12:05 

38.1 

54 

209 

12:15 

37.9 

38 

204 

12:20 

37.8 

36 

210 

12:25 

37.8 

38 

216 

Death 

epinephrin  cannot  have  the  degree  of  eflfect  that  it  has  when  the  pressure 
is  not  so  much  reduced.  The  harmful  influence  of  a  lessened  blood 
flow  is  doubtless  due  both  to  oxygen  want  and  to  excess  of  carbon  diox- 
ide and  perhaps  other  metabolites.  Patterson  (10)  found  a  direct 
antagonism  between  the  action  of  CO2  and  epinephrin  on  the  rate  of 
beat  of  the  isolated  heart — CO2  slowing  the  rate,  epinephrin  making  it 
more  rapid.  The  combination  of  epinephrin  and  CO2  had  an  effect  that 
was  somewhere  between  the  effect  of  each  separately,  and  in  one  experi- 
ment the  rate  was  slower  than  the  normal  rate  of  the  heart.  In  such 
a  heart  as  we  have  in  cat  1,  we  may  conceive  of  asphyxia  and  the  prod- 
ucts of  asphyxia  as  contending  with  an  increased  production  of  epi- 
nephrin for  mastery  over  the  heart,  the  one  tending  to  decrease  the  rate  of 
the  heart-,  the  other  to  increase  it.  It  will  be  noted  that  no  analogous 
condition — as  regards  blood  pressure — was  present  in  any  of  the  five 
cases  in  which  early  rises  in  rate  were  observed.  In  cat  3,  where  there 
was  no  rise  in  rate,  somewhat  similar  conditions  prevailed. 
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Group  III,    In  which  the  rate  was  not  elevated  during  the  development  of 
shock.    Three  cases. 


Cats,  11  K.    . 

Ether  anesthesia.    Vagi  ctU  and  stellate  ganglia  removed 

TIME 

TEMPEBATUBE 

BLOOD  PBEaSUBB 

HBABT  BATB 

10:35 

37.0 

147 

189 

10:40 

37.0 

147 

189 

10:45 

37.0 

130 

193 

10:50 

37.0 

133 

192 

10:55-59 

Crushed  muscles  of  left  thigh 

10:59 

37.0 

60 

186 

11:10 

37.0 

63 

192 

11:15 

37.1 

75 

187 

11.20 

37.2 

76 

190 

11:25 

37.2 

77 

190 

11.30 

37.2 

75 

182 

11:35 

37.2 

67 

176 

11:40 

37.2 

49 

173        . 

11:50 

37.2 

39 

174 

12:00 

37.1 

25 

172 

12:05 

37.1 

15 

150 

Death 

Average  rate  before  injury  191.  Very  slight  change  in  rate  for  26  minutes,  then 
a  drop  of  16  beats.  The  blood  pressure  conditions  in  this  cat  were  somewhat 
analogous  to  those  of  cat  1.  In  this  case,  however,  the  drop  was  greater — about 
67  mm.  Hg.  The  pressure  was  from  the  start  at  a  dangerously  low  level  after  the 
injury,  and  it  is  possible  that  the  heart  had  lost  some  of  its  power  of  reacting  to 
epinephrin. 

.  In  the  three  cases  of  group  III,  there  was  no  evidence  of  increased  activ- 
ity of  the  adrenal  glands.  In  two  of  them  (cats  12  and  13),  I  am  not  con- 
vinced that  this  can  be  adequately  accounted  for.  It  might  be  argued  that 
were  it  not  for  increased  secretion  by  the  glands  in  these  cases,  the  rate 
would  have  been  much  lower  than  was  actually  the  case.  It  will  be 
seen,  however,  on  examination  of  the  data  obtained  from  control  cats, 
whose  adrenals  had  been  removed  before  crushing  the  limb,  that,  save 
in  one  instance,  there  was  no  marked  drop  in  the  heart  rate,  in  spite  of 
the  fact  that  the  blood  pressure  was  in  comparable  cases  no  lower  than 
at  corresponding  points  of  the  development  of  shock  in  cats  12  and  13, 
whose  adrenals  were  intact. 
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Cat  IB,  5.5  K.    Ether  anesthesia.    Vagi  cut  and  stellate  ganglia  removed.    Right 

sciatic  and  right  femoral  nerves  cut 

TIMB 

TBUPEBATUBB 

BBABT  BATB 

2:20- 

35.7 

128 

172 

2:25 

35.7 

133 

168 

2:30 

35.7 

136 

168 

2:36-37 

Crushed  muscles  of  right  thigh 

2:37 

35.7 

85 

168 

2:45 

35.8 

94 

172 

2:50 

35.8 

89 

172 

2:55 

35.8 

85 

172 

3:05 

35.7     . 

74 

172 

3:15 

35.7 

63 

168 

3:26 

35.4 

59 

164 

3:35 

35.4 

67 

162 

3:45 

35.3 

66 

160 

4:06 

35.8 

59 

166 

4:20 

35.8 

59 

164 

There  was  practically  no  change  in  rate,  despite  a  fair  pressure  for  some  time 
after  the  injury. 


Cat  IS,  S.6  K.    Ether  anesthesia.    Vagi  ctU  and  stellate  ganglia  removed.    Right 
sciatic  and  right  femoral  nerves  cut         ' 


TllIB 

TBMPBBATUBB 

BLOOD  PBBflSUBB 

BBABT  BATB 

2:40 

38.0 

127 

196 

2:45 

38.0 

123 

196 

2:50 

38.0 

122 

196 

2:52-63 

Crushed  muscles  of  right  thigh 

2:63 

37.9 

100 

192 

3:00 

38.2 

86 

194 

3:06 

38.3 

84 

192 

3:10 

38.4 

81 

196 

3:16 

38.5 

77 

200 

3:26 

38.4 

74 

200 

3:36 

38.2 

71 

200 

3:45 

38.2 

71 

196 

4:00 

38.1 

60 

190 

4:15 

38.1 

44 

184 

Death 

There  was  a  slight  rise  of  temperature  in  this  case, 
rate  remained  practically  im changed. 


Allowing  for  this,  the 
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Group  IV.    In  which  the  adrenal  glands  were  removed  prior  to  the  induction 
of  shock. 
CaH.    Ether  aneathesia.     Vagi  cut  and  stellate  ganglia  removed,    AdrendU  removed 


TIMB 

TBUPERATUBC 

BLOOD  PBXaSUBB 

HEABT  BAVB 

11:10 

Adrenals  out 

11:35 

37.0 

131 

194 

11:40 

37.0 

120 

198 

11:45 

37.1 

125 

189 

11:45-49 

Crushed  muscles  of  left  thigh 

11:49 

36.8 

78 

170 

11:55 

36.6 

94 

161 

12:00 

36.6 

89 

162 

12:05 

36.6 

95 

160 

12:10 

36.7 

91 

•   161 

12:15 

37.1 

92 

166 

12:30 

37.5 

71 

176 

12:35 

37.6 

66 

176 

12:40 

37.6 

52 

173 

12:45 

37.6 

50 

173 

12:50 

37.7 

45 

170 

12:55 

37.4 

39 

164 

1:00 

37.4 

39 

160 

1:05 

37.3 

36 

158 

Death 

In  this  animal  a  fairly  high  initial  rate  was  lowered  at  onca  about  16  beats  after 
the  muscles  were  crushed,  and  remained  at  about  this  low  level  during  the  de- 
velopment of  shock.  During  the  first  25  minutes  after  injury,  the  rate  was,  on 
the  average,  27  beats  below  the  original  level. 

Cat  6.    2,9  K,    Ether  anesthesia.    Vagi  cut  and  stellate  ganglia  removed.    Left 
sciatic  and  left  femoral  nerves  cut 


TIMB 

TEMPEBATUBE 

BLOOD  PBESSUBB 

HEART  RATE 

2:25 

Right  adrenal 

gland  removed 

2:40 

Left  adrenal  gland  removed 

2:55 

34.7 

96 

134 

3:00 

34.7 

93 

136 

3:05 

34.7 

93 

136 

3:07-08 

Crushed  muscles  of  left  thigh 

3:10 

34.7 

80 

138 

3:15 

34.7 

78 

138 

3:25 

34.7 

74 

136 

3:35 

34.8 

70 

135 

3:45 

35.0 

70 

135 

3:55 

35.0 

65 

136 

4:05 

34.8 

63 

134 

4:15 

34.7 

60 

132 

4.25 

34.8 

50 

132    • 

4:40 

35.2 

54 

132 

4:55 

35.2 

52 

132 

5:10 

35.0 

51 

130 

A  very  low  original  rate,  with  practically  no  change  after  injury. 

470 

Digitized  by 


Google 


Cat  7, 2,9  K.    Vagi  cut  and  stellate  ganglia  removed, 

nerves  ctU 


Left  sciatic  and  left  femoral 


2:10 

2:26 

2:35 

2:45 

2:50 

2:53-56 

3:00 

3:05 

3:15 

3:25 

3:35 

3:45 

3:55 

4:05 

4:15 

4:25 

4:35 

4:40 

4:45 

4:55 

5:10 


TBMPXBATaBS 


BLOOD  PBB8SUBB 


Left  adrenal  gland  removed 
Right  adrenal  gland  removed 


37.8 
38.0 
38.0 


137 
143 
138 


Crushed  muscles  of  left  thigh 


38.0 
38.0 
38.0 
38.0 
38.0 
38.0 
38.0 
38.1 
38.0 
38.1 
37.9 


103 
94 
92 
86 
84 
68 
67 
68 
68 
72 
79 


Gentle  massage  of  crushed  muscles 


38.3 
38.1 
37.9 


70 


65 


HEABT  BATB 


168 

170 
170 

163 
162 
161 
165 
166 
164 
164 
166 
164 
163 
163 

160 
156 
156 


Shock  developed  slowly  in  this  animal,  {>ut  there  was  no  evidence  of  increased 
heart  rate  even  whcTn  the  blood  pressure  was  above  90,  after  tissue  injury. 

Cat  14,  S  K,    Ether  anesthesia.    Vagi  cut  and  stellate  ganglia  removed.    Right 
sciatic  and  femoral  nerves  cut 


TIMB 

TEICPXEATUBB 

BLOOD  PBX8SUBB 

HEABT  BATB 

2:00 

Right  adrenal  gland  removed 

2:15 

Left  adrenal  gland  removed 

2:30 

37.0 

118 

164 

f       2:35 

37.0 

116 

163 

2:40 

37.0 

118 

166 

2:42-13 

Crushed  muscles  of  right  thigh 

2:43 

37.0 

81 

164 

2:55 

37.1 

100 

152 

3:05 

37.0 

100 

154 

3:15 

37.0 

97 

158 

3:25 

37.0 

90 

154 

3:35 

37.0 

84 

154 

3:45 

37.1 

80 

156 

4:00 

37.0 

78 

154 

4:10 

36.8 

76 

156 

4:20 

36.9 

70 

152 

4:30 

37.0 

65 

150 

4:40 

37.0     • 

60 

146 

4:50 

37.0 

54 

144 

5:00 

36.8 

46 

143 

In  this  cat,  also,  there  was  no  rise  in  heart  rate  after  crushing  the  thigh 
muscles,  even  when  the  blood  pressure  was  above  90.  The  rate  tended  to  be 
about  8  or  10  beats  lower  than  the  original  rate  for  about  80  minutes  after 
injury. 
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Of  the  control  animals^  cat  6  had  what  might  be  described  as  ahnost 
a  basal  rate.  In  other  words,  the  possibilities  of  a  drop  of  rate,  as  a 
result  of  the  gradual  decrease  in  blood  pressure,  were  much  reduced. 
It  is  probable  that  with  the  heart  beating  at  this  rate,  its  nutritional 
needs  are  not  so  great  as  in  a  faster  beating  heart  doing  just  as  much 
external  work,  and  that  it  is  not  so  susceptible  to  changes  in  blood  supply 
below  the  usual  critical  pressure.  In  cats  7  and  14,  also,  the  heart  rate 
w^  lower  than  is  usually  the  case  in  animals  with  adrenals  intact.  In 
cat  4,  where  the  original  rate  was  fairly  high  (average  193),  tissue  injury 
was  followed  by  a  marked  drop  in  heart  rate,  associated  with  the  lowered 
blood  pressure,  suggesting  that  the  above  hypothesis  has  a  basis  in  fact. 

Discussion.  Of  nine  cases,  there  was  in  five  a  definite  increase  in  the 
rate  of  the  isolated  heart  with  a  falling  blood  pressure,  early  in  the  course 
of  the  development  of  traumatic  shock.  This  increased  rate  appeared 
quickly,  often  in  the  first  observation  after  crushing  the  thigh  muscles. 
The  continued  elevation  in  rate  can  not  be  due  to  continued  stimulation 
of  nerve  endings  in  the  injured  region,  resulting  in  reflex  discharge  from 
the  adrenals,  for  the  change  apjJears  to  as  marked  a  degree  in  cases 
where  the  chief  afferent  paths  above  the  region  have  been  cut,  as  where 
they  have  not. 

It  must  be  emphasized  that,  while  as  a  result  of  these  experiments  I 
take  issue  with  Bedford  when  he  states  that  there  is  an  increase  in 
epinephrin  liberation  only  after  a  prolonged  continuation  of  the  condi- 
tions leading  to  shock,  I  am  not  prepared  to  deny  his  opinion  that  the 
quantity  of  epinephric  material  in  the  blood  increases  with  the  prolonga- 
tion of  the  period  of  low  blood  pressure  and  shock,  for  the  method  I 
used  has  this  limitation,  that  when  the  blood  pressure  becomes  low — let 
us  say  50-60  mm.  Hg. — the  tendency  of  the  heart  rate,  as  mentioned 
above  is  to  drop,  because  the  heart  is  being  insufficiently  nourished. 
Under  these  circumstances,  the  rate  of  the  isolated  heart  would  be  the 
resultant  of  opposite  factors,  increased  epinephrin  liberation  tending  to 
accelerate  it,  and  the  decreased  blood  supply  tending  to  make  it  slower. 
So,  in  the  experiments  described,  it  is  possible  that  in  the  later  stages  of 
shock  there  was  an  increased  discharge  of  epinephrin  into  the  blood 
stream,  which  the  method  I  used  was  imable  to  detect.  Of  course,  the 
tendency  of  the  heart  rate  to  become  slower  as  the  pressure  falls  renders 
especially  significant  the  actual  increase  of  rate  which  was  manifested 
in  the  foregoing  experiments.  In  other  words,  the  experimental  condi- 
tions were  opposed  to  the  positive  result  which  was  obtained. 
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One  case,  of  the  remaining  four,  also  showed  an  increase  in  heart  rate 
after  injury,  but  in  this  case  the  rise  did  not  appear  until  shock  was  fully 
developed,  as  indicated  by  the  blood  pressure.  This  is  the  only  case  that 
gave  results  similar  to  Bedford's  observations.  I  have  already  discussed 
a  possible  reason  for  the  delay  in  the  appearance  of  the  rise  in  this  case. 
It  is  remarkable  that  it  should  have  appeared  at  all  in  view  of  the  then 
long  continued  tow  pressure. 

Relation  of  epinephrin  liberation  to  the  production  of  shock.  K,  in  most 
cases,  there  is  this  increased  liberation  of  epinephrin  into  the  blood 
stream  during  the  development  of  tramnatic  shock,  the  question  arises 
as  to  its  significance. 

It  has  been  postulated  that  shock  is  the  result  of  exhaustion  of  the 
adrenal  glands.  The  evidence  for  this  is  not  convincing.  Corbett  (11) 
has  stated  that  anything  that  depletes  epinephrin  favors  the  development 
of  shock.  His  experiments,  of  which  the  details  are  omitted,  tended  to 
show  that  anesthesia,  fright  and  trauma  decrease  the  epinephrin  content 
of  the  adrenal  glands.  Earlier,  Bainbridge  and  Parkinson  (12)  and 
Parkinson  (13)  were  unable  to  demonstrate  chromaffin  substance  in  the 
adrenal  medulla  in  death  from  post-operative  shock  and  other  acute 
conditions,  and  asserted  that  in  such  acute  conditions,  associated  with 
low  blood  pressure,  the  adrenal  glands  jrield  up  their  store  of  epinephrin. 
That  this  is  a  fact  Short  (14)  has  denied,  his  examination  of  adrenals 
after  death  from  shock  betraying  no  marked  difference  from  controls. 

But  even  assuming  that  the  former  observations  are  correct,  they 
throw  no  light  upon  the  production  of  shock,  for  they  furnish  no  proof 
that  depletion  of  the  epinephrin  store  in  the  adrenals  did  not  occur  after 
shock  had  developed,  rather  than  before. 

Moreover,  it  is  obvious  that,  according  to  an  "exhaustion"  hypothesis, 
even  a  normal  secretion  of  epinephrin  could  not  exist  in  the  presence  of 
shock.  In  the  experiments  which  I  report,  increased  activity  of  the 
adrenals  may  be  observed  in  cases  where  shock  was  severe  enough  to  be 
followed  shortly  by  death,  and  where  the  blood  pressure  was  at  a  danger- 
ously low  level.  Thus,  in  cat  2  the  rate  was  still  elevated  with  the  blood 
pressure  at  64  nun.,  a  drop  of  86  mm.  from  the  original  level;  in  cat  8, 
at  68  mm.,  a  drop  of  66  mm.;  and  in  cat  9,  with  the  blood  pressure  at 
63  mm.,  a  drop  of  67  mm. — definite  evidence  that  shock  was  developing 
in  association  with  an  increased  secretion  of  epinephrin. 

But  is  this  increased  secretion,  perhaps,  the  cause  of  the  development 
of  shock?  Such  a  suggestion  has  been  advanced.  Thus,  Bainbridge 
and  Trevan  (15)  injected  large  amounts  of  epinephrin,  keeping  the  blood 
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pressure  at  a  high  level,  and  Erlanger  and  Gasser  (16)  repeated  these 
experiments,  infusing  into  the  femoral  vein  6  to  11  cc.  of  a  1: 1000  solu- 
tion of  adrenalin  chloride  for  a  period  of  21  to  29  minutes.  These  two 
series  of  experiments  gave  similar  results,  namely,  a  marked  drop  in 
arterial  pressure  and  symptoms  of  shock.  But  the  conditions  were 
sufficiently  artificial  to  make  them  difficult  of  comparison  with  the 
actual  conditions  of  traumatic  shock  in  an  animal  whose  supply  of 
epinephrin  is  the  result  of  his  own  manufacture. 

In  my  experiments  the  highest  increase  of  rate  observed  was  no  greater 
than  25  beats.  In  the  course  of  recent  experiments  conducted  by 
Cannon  and  myself,  we  have  found  that  the  denervated  heart  reacts 
quantitatively  to  the  infusion  of  adrenalin  chloride.  The  reaction  is 
more  exact  when  the  animal  is  "reduced" — ^that  is,  when  the  carotid 
and  subclavian  arteries  and  the  aorta  below  the  renal  arteries  are  tied 
off,  and  the  mesenteric  nerves  are  cut — but  even  when  this  procedure 
is  not  carried  out,  the  increase  of  heart  rate  corresponding  to  the  infusion 
of  definite  quantities  of  adrenalin  chloride  at  a  given  rate  may  vary  in 
different  animals  within  comparatively  narrow  limits.  Thus,  in  one 
experiment,  adrenalin  chloride,  1:100,000,  injected  at  the  rate  of  0.002 
mgm.  per  kilo  per  minute,  produced  a  rise  of  24  beats  per  minute  in  the 
heart  rate;  and  in  another,  infusion  of  adrenalin  at  the  rate  of  0.0024 
mgm.  per  kilo  per  minute  resulted  in  a  similar  rise.  Erlanger  and  Gasser, 
using  dogs,  injected  very  large  amounts  of  adrenalin  chloride,  far  more 
than  would  be  secreted  by  the  adrenal  glands  under  any  circimistances. 
In  one  experiment  the  rate  was  about  0.04  mgm.  per  kilo  per  minute, 
whereas,  in  my  extreme  case,  the  rate  of  production  of  epinephrin  was 
probably  in  the  neighborhood  of  0.002  mgm.  per  kilo  per  minute.  The 
rate  of  infusion  by  Erlanger  and  Gasser,  therefore,  can  hardly  be  said 
to  be  analogous  to  the  production  of  epinephrin  in  the  body. 

Moreover,  Henderson,  Prince  and  Haggard  (17)  infused,  continuously 
or  intermittently,  1 :  10,000  adrenalin  chloride  into  the  femoral  vein  at 
a  rate  of  from  0.5  cc.  to  1.0  cc.  per  minute,  maintaining  the  blood  pres- 
sure at  a  very  high  level  for  a  period  of  from  i  hour  to  2  hours,  and  then, 
on  discontinuing  the  infusion,  found  that  no  symptoms  of  shock  de- 
veloped. There  is,  then,  no  real  proof  that  an  increased  production  of 
epinephrin  is  an  essential  factor  in  the  development  of  shock. 

That  it  is  not  an  indispensable  factor  is  obvious  from  the  fact  that 
tramnatic  shock  can  be  produced  in  the  absence  of  the  adrenals  or 
when  they  give  no  evidence  of  hyperactivity,  other  experimental  condi- 
tions remaining  the  same  as  in  such  cases  where  the  adrenals  are  over- 
active. 
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Cannon  has  emphasized  the  idea  that  in  times  of  stress,  hyper-secre- 
tion of  the  adrenal  glands  accompanies  increased  activity  of  the  sympa- 
thetic division  of  the  autonomic  system.  In  the  development  of  shock 
such  increased  sympathetic  activity  imdoubtedly  occurs,  and  one  of  its 
most  important  fimctions  is  to  produce  generalized  vasoconstriction  in 
non-vital  regions,  thus  tending  to  confine  the  depleted  circulation  to  the 
organs  essential  to  life.  It  is  possible  to  invoke  a  useful  fimction  for  the 
over-production  of  epinephrin  in  the  development  of  shock,  rather  than 
to  suppose  that  the  adrenals  are  running  amuck,  inducing  shock  either 
by  hyper-secretion  directly,  or  by  exhaustion  of  their  store  of  epinephrin. 
They  are  stimulated  to  over-activity  very  soon  after  the  conditions  that 
tend  to  result  in  shock  are  established,  and  it  seems  probable  that  this 
over-ectivity,  when  it  occurs,  acts  as  an  accessory  factor,  aiding  the 
S3m[ipathetic  system  in  maintaining  vasoconstriction,  and  so  may  be 
considered  as  an  additional  conservative  mechanism,  tending  to  protect 
the  animal  against  the  consequences  of  shock-inducing  influences. 

SUMMARY 

1.  In  six  out  of  nine  cases  reported,  there  is  evidence  of  hyperactivity 
of  the  adrenal  glands  during  the  development  of  traumatic  shock. 

2.  There  is  no  sufficient  reason  to  believe  that  either  over-secretion 
of  the  adrenals,  or  their  exhaustion,  is  a  factor  in  the  production  of  shock. 

3.  It  is  probable  that  over-activity  of  the  glands,  in  the  development 
of  shock,  is  a  conserving  factor. 
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In  the  second  paper  (1)  of  this  series  was  summarized  the  histological 
and  anatomical  evidence  that  the  cells  of  the  thyroid  gland  are  inner- 
vated by  non-medullated  fibers  arising  in  cervical  sympathetic  ganglia. 
Researches  which  revealed  structural  and  chemical  changes  in  the 
gland  in  consequence  of  stimulation  or  severance  of  nerves  in  the  neck 
were  also  reported.  Furthermore,  we  described  experiments  showing 
that  excitation  of  the  cervical  sympathetic  induces  an  action  current 
in  the  thyroid — ^a  result  not  seen  after  vagal  stimulation.  In  the 
fourth  paper  (2)  Levy  presented  confirmatory  evidence  of  sympathetic 
control  of  thyroid  secretion,  as  shown  by  increased  sensitiveness  of 
vascular  responses  to  repeated  standard  injections  of  adrenalin. 

The  method  used  by  Levy  involved  pithing  the  central  nervous  sys- 
tem to  the  mid-thorax,  a  procedure  which,  of  course,  excluded  any 
tests  of  the  efifects  of  reflex  or  a^hyxial  discharge  of  sympathetic 
impulses.  Another  method  permitting  such  tests  was  desirable. 
Since  the  adrenal  medulla  secretes  continuously  under  experimental 
conditions,  if  the  central  nervous  system  is  intact,  it  seemed  that 
Levy's  method  might  be  reversed,  i.e.,  that  thyroid  secretion  could 
render  more  efifective  the  continuously  secreted  adrenin.  Moreover,^ 
it  was  thought  that  the  heart,  isolated  from  the  central  nervous  system, 
would  probably  respond  to  the  combined  action  of  thyroid  and  adrenal 
substance.  As  shown  in  a  previous  paper  (3),  the  denervated  heart  is 
remarkably  stable  in  its  performance  and  is  unaffected  by  any  but 

1  The  results  here  reported  were  presented  to  the  Society  for  Experimental 
Biology  and  Medicine,  February  18,  1920.  (See  Proc.  Soc.  Exper.  Biol,  and 
Med.,  1920,  xvii,  88.)  It  is  a  pleasure  to  acknowledge  here  the  support  for  the 
research  obtained  from  a  fund  for  thyroid  investigation  given  by  Dr.  W.  N. 
BuUard. 
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thermal  changes  and  chemical  agents  brought  to  it  in  the  blood  stream. 
It  manifests  characteristic  increments  of  rate  when  the  adrenal  medulla 
(3),  (4)  or  the  liver  (5)  is  stimulated.  Might  it  not  show  another 
typical  change  if  a  thyroid  were  added  to  the  adrenal  effect?  Such  was 
the  idea  at  the  start.  Later,  as  will  be  described,  it  was  proved  that  the 
thyroid  can  act  directly,  without  requiring  the  presence  of  circulating 
•adrenin. 

It  may  appear  strange  that  an  attempt  should  be  made  to  employ 
the  same  organ  to  test  a  number  of  different  glands  of  internal  secretion. 
The  heart,  however,  is  a  representative  muscular  structure,  contin- 
uously active,  and  working  at  a  rate  which  is  altered  with  alterations 
in  the  rate  of  metabolism,  as,  for  example,  when  chemical  changes  are 
accelerated  by  heat  (6).  Some  of  the  endocrine  glands,  especially  the 
thyroid,  have  a  pronounced  effect  on  the  metabolic  rate  of  the  body  as 
a  whole.  If  the  heart  as  a  representative  organ  discloses  this  effect  and 
is  responsive  in  a  typical  manner  to  thyroid  stimulation,  different  from 
its  response  to  stimulation  of  other  glands,  it  can  obviously  serve  for 
testing  thyroid  activity.  And,  compared  with  vascular  reactions  as  a 
test,  it  has  the  advantage  of  not  requiring  a  destruction  of  the  upper 
portion  of  the  central  nervous  system.  With  it,  therefore,  conditions 
known  to  evoke  S}rmpathetic  impulses,  e.g.,  afferent  stimulation  and 
asphyxia,  can  be  tried,  as  well  as  direct  excitation  of  the  gland  and  of 
peripheral  nerves. 

Method.  In  this  research  the  cat  has  been  used  for  study.  Our  first 
experiments  were  performed  under  urethane  anesthesia.  The  results 
were  baflSing;  sometimes  suggestive  changes  occurred,  but  often  no 
definite  effects  were  evident.  Attention  to  other  problems  for  a  number 
of  years  had  obscured  the  memory  of  earlier  difficulties  of  the  same  kind. 
In  1916,  Cannon  and  Cattell  had  reported  that  in  studying  the  action 
current  of  the  thyroid  gland  urethane  was  unsatisfactory  as  an  anes- 
thetic, and  also  that  deep  etherization  was  capable  of  abolishing  effects 
that  appeared  readily  when  the  anesthesia  was  not  so  profound  (1, 
p.  62).  When  these  facts  were  recalled,  and  Ught  etherization  was 
employed,  we  at  once  began  to  obtain  consistent  results  under  condi- 
tions to  be  described.  By  careful  adjustment  of  the  air  and  the  ether 
vapor  entering  the  trachea,  it  was  usually  possible  to  maintain  for 
long  periods  a  uniform  anesthesia,  as  tested  by  the  wink  reflex.  A 
return  to  urethane  in  two  experiments  after  repeated  successes  with 
ether  anesthesia  revealed  again  the  depressant  influence  of  that  drug. 
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Hoping  that  we  might  be  able  to  dispense  with  anesthesia  during 
the  thyroid  stimulation,  we  tried  in  several  instances  decerebration. 
This  may  prove  to  be  a  feasible  method,  but  in  the  few  experiments  we 
tried  the  blood  pressure  fell  to  a  low  level  and  prevented  a  positive 
result,  or  the  heart  rate  became  so  rapid  that  further  acceleration  was 
impossible.  We  confined  ourselves,  therefore,  to  the  use  of  ether, 
given  cautiously  and  carefully  in  order  to  reduce  the  element  of  excite-  • 
ment,  and  maintained  at  a  low  tension.  In  experiments  on  reflex 
stimulation  the  anesthesia  was  not  so  deep  as  to  prevent  dilatation  of 
the  pupil  and  retraction  of  the  nictitating  membrane  while  the  stimulus 
was  being  applied. 

The  tracheal  cannula  was  introduced  as  low  in  the  neck  and  with  as 
little  disturbance  to  cervical  structures  as  possible.  The  opening 
in  the  trachea,  made  at  one  side  in  order  to  avoid  the  ventral  vein 
which  drains  the  thyroid  glands,  was  so  small  that  after  the  cannula  was 
pushed  in  a  ligature  was  not  needed  to  hold  it  in  place. 

In  isolating  the  heart  the  first  step,  taken  even  before  the  trachea 
was  opened,  was  the  severance  of  both  the  vagus  nerves  and  the  cervical 
S3rmpathetic  strands  low  in  the  neck.  The  object  of  this  early  cutting 
of  the  sympathetic  strands  was  to  protect  the  thyroids  as  much  as 
possible  from  any  disturbance  incident  to  operating  on  the  stellate 
ganglia.  To  remove  the  stellates  a  small  opening  was  made  between 
the  first  and  second  ribs  on  either  side,  under  artificial  respiration,  and 
while  the  ribs  were  separated  by  a  rib  spreader  the  ganglion  was  picked 
up  in  forceps,  its  nervous  connections  were  cut  with  small  scissors,  and 
it  was  brought  out  entire.  The  ribs  were  then  tied  together  (at  full 
inflation  of  the  lungs),  the  overlying  muscles  were  sewed  in  two  layers, 
and  finally  the  skin  opening  was  closed.  After  this  operation  was 
completed  on  each  side  the  animal  breathed  normally,  without  artificial 
aid.  Occasionally  slight  leakage,  or  failure  of  the  lungs  to  inflate  in 
all  parts  when  the  ribs  were  being  tied,  required' withdrawing  air  from 
the  pleural  cavity.    This  was  done  through  a  hollow  needle. 

In  isolating  the  heart  from  the  central  nervous  system  without  dis- 
turbing the  nervous  connections  of  the  thyroid  gland,  as  was  necessary 
in  experiments  on  reflex  and  dsphyxial  stimulation,  the  nerves  in  the 
neck  were  not  touched.  The  opening  between  the  ribs,  however,  was 
much  enlarged  so  as  to  permit  a  clear  view  of  the  nerves  in  the  upper 
thorax.  The  typical  arrangement  of  these  nerves  is  shown  diagram- 
matically  in  figure  1 .  On  the  right  side  the  accelerator  strands  from  the 
stellate  ganglion  join  the  vagus  and  pass  down  with  it.    On  the  left 
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side  there  is  a  trunk  which  passes  directly  toward  the  heart  from  the 
ganglion,  and  another  which  accompanies  the  vagus.  It  was  our  custom 
in  operating  for  reflex  and  asphyxial  stimulation  to  sever  the  vago- 
sympathetic trunk  on  the  right,  the  vagus  and  the  attendant  trunk  on 
the  left,  and  also,  very  carefully,  all  fibers  passing  inward  from  the 
stellate  gangUon  on  either  side  (at  the  points  marked  x,  fig.  1)  except 
that  connecting  the  ganglion  with  the  cervical  sympathetic.  Occasion- 
ally other  nerve  filaments  were  observed  on  the  ventral  side  of  the 
trachea  near  the  heart;  on  the  chance  that  these  might  be  a  source  of 


RIGHT 


m  rib 


Fig.  1.  Diagram  showing  the  arrangement  of  the  vagus  nerves  and  the  branches 
of  the  stellate  ganglia  in  the  lower  neck  and  upper  thorax  of  the  cat.  When  the 
stellate  ganglia  were  left  in  place  the  nerves  were  cut  at  the  points  marked  x. 

disturbance  they  also  were  cut.  After  thus  doing  all  that  was  possible 
to  isolate  the  heart  without  harm -to  the  cervical  sympathetic  connec- 
tions of  the  stellate  ganglia,  our  standard  of  success  was  a  fairly  constant 
base  line  for  the  cardiac  rate,  and  a  return  to  that  line  after  the  rate 
had  been  disturbed  by  thyroid  stimulation. 

The  eflFect  produced  by  thyroid  stimulation  required  often  3  hours 
and  more  for  its  completion.  It  is  well  known  that  the  denervated 
heart  is  highly  sensitive  to  alterations  of  temperature  (7).  Accordingly 
we  were  careful  to  maintain  as  nearly  as  possible  a  uniform  temperature 
throughout  the  period  of  observation.    The  animal  was  laid  on  an 
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electric  warming  pad,  the  heat  of  which  could  be  easily  regulated.  A 
sensitive  thermometer  in  the  rectum  was  examined  every  10  minutes, 
and  by  properly  adjusting  the  electric  current  the  temperature  of  the 
animal  was  prevented  from  varying  through  more  than  a  degree  centi- 
grade. 

In  the  course  of  experimentation  it  soon  became  clear  that  positive 
results  were  seldom  obtainable  when  the  blood  pressure  was  low,  i.e., 
below  about  70  mm.  Hg.  For  example,  on  December  4,  after  a  positive 
result  had  been  obtained,  and  it  had  passed  oS,  the  blood  pressure  fell 
to  40  nun.  Hg.  when  the  adrenals  were  removed;  thereupon  a  second 
attempt  to  obtain  the  result  proved  quite  unsuccessful.  On  December 
5,  8  and  9,  after  adrenalectomy,  the  pressure  went  down  to  about  50 
mm.  Hg.,  and  the  usual  effect  failed  to  appear.  Again  on  December 
22,  after  decerebration  the  pressure  fell  to  60  mm.  Hg.,  and  again 
there  was  failure.  On  January  2,  with  the  pressure  at  70  mm.  Hg., 
the  result  was  questionably  positive.  The  negative  results  after 
adrenalectomy  were  not  due  to  absence  of  the  adrenal  glands,  as  will  be 
shown  later.  Since  the  heart  is  suffering  from  oxygen-want  when  the 
blood  pressure  falls  below  the  critical  level  (8),  it  is  probably  unable  to 
respond  to  the  action  of  thyroid  material.  These  failures  should  be 
compared  with  the  successes  which  were  obtained  when  the  blood  pres- 
sure was  satisfactorily  high. 

To  the  difficulties  with  anesthesia,  operation  and  low  blood  pressure 
was  added  an  occasional  difficulty  with  an  initial  high  cardiac  rate.  In 
20  cases  the  average  rate  of  the  denervated  heart  was  about  200  beats 
per  minute,  with  variations  from  about  180  to  220.  These  variations 
are  in  themselves  of  interest,  but  we  have  no  explanation  for  them. 
Not  very  infrequently,  however,  the  heart  after  being  isolated  from  the 
nervous  system  would  have  a  rate  well  over  240  beats  per  minute.  Thus 
on  January  6,  an  animal  which  had  shown  considerable  excitement 
before  and  during  anesthesia  and  which  was  actively  digesting  meat, 
had  a  pulse  of  272  beats  per  minute,-later  falling  to  240.  On  January 
12,  the  rate  after  denervation  of  the  heart  (in  a  cat  new  to  the  labora- 
tory) was  248,  later  236.  On  January  29,  the  rate  at  the  start  was  252. 
When  the  heart  was  beating  as  rapidly  as  this  we  found  that  further 
attempts  to  accelerate  it  were  futile.  How  to  account  for  these  occa- 
sional instances  of  very  rapid  pulse  is  not  yet  clear.  It  may  be  that 
the  experience  of  the  animal  previous  to  anesthetization  and  operation 
was  an  important  condition.  For  the  present,  however,  we  must  leave 
the  phenomenon  unexplained.  When  such  cases  appeared,  they  were 
discarded  as  unserviceable. 
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The  heart  rate  and  blood  pressure  were  registered  by  connectmg 
with  a  mercury  manometer  the  femoral  artery  (not  the  carotid  because 
that  would  interfere  with  the  circulation  in  the  neck) .  Usually  a  record 
lasting  15  seconds  was  taken  every  10  minutes  during  the  period  of 
observation. 

The  effect  of  thyroid  massage.  That  a  discharge  of  adrenin  can  be 
easily  evoked  by  massage  has  been  shown  by  several  observers  (9). 
It  seemed  possible  that  the  thyroid  also  could  be  stimulated  in  the 
same  way  and  would  manifest  a  characteristic  effect.  Such  stimulation 
has  the  advantage  of  being  applied  only  to  the  gland  that  is  being  tested, 
and  its  effect  limited  to  the  region.  The  only  other  glandular  structures 
which  can  be  affected  are  the  parathyroids,  and  if  they  are  proved  not 
to  be  influential,  the  result  that  occurs  can  only  be  attributed,  mediately 
or  immediately,  to  the  action  of  the  thyroid.  This  result  can  then  serve 
as  a  standard  by  which  to  judge  the  results  of  exciting  the  thyroid  by 
less  direct  ways. 

That  the  rate  of  the  denervated  heart  does  not  greatly  vary  if  the 
animal,  under  uniform  light  ether  anesthesia,  is  kept  at  a  uniform  tem- 
perature and  its  thyroid  not  stimulated,  is  shown  in  figures  2,  7  and  8. 
In  the  case  represented  in  figure  2,  the  heart  rates  for  an  hour  and  a 
half  before  thyroid  massage,  registered  every  10  minutes,  varied  only 
between  206  and  212  beats  per  minute.  In  that  represented  in  figure 
7  the  variations  for  more  than  an  hour  lay  between  196  and  204;  and 
in  that  of  figure  8  the  range  for  an  hour  lay  between  164  and  170. 

In  massage  of  the  thyroid  the  gland  was  first  laid  bare  and  then 
stroked  lengthwise  with  a  smooth  blunt  dissector  passed  to  and  fro 
with  slight  pressure.  This  stroking  was  occasionally  interrupted  by 
gentle  tapping.  The  massage  rarely  lasted  more  than  2  minutes. 
Never  was  it  so  vigorous  as  to  cause  any  external  bleeding  or  visible 
ecchymoses,  though  the  gland  might  become  slightly  redder  than  before. 

The  effects  of  massage  are  shown  in  figures  2,  3,  4  and  5,  and  in 
table  1 .  As  will  be  seen,  the  pulse  is  not  much  altered  at  first.  Usually 
at  the  end  of  the  10-minute  period  following  the  stimulation,  or  in  the 
next  record  thereafter,  the  rate  is  found  to  be  accelerated.  The  acceler- 
ation rises  to  a  maximum  commonly  in  half  or  three-quarters  of  an  hour; 
at  this  higher  level  the  rate  may  remain  for  some  time  (in  fig.  3,  e.g.,  for 
about  an  hour).  The  increase  has  varied  in  our  experiments  from  16 
to  50  beats  per  minute.  After  the  maximum  has  been  reached,  and 
after  the  high  level  has  been  held  for  a  considerable  period,  the  rate 
gradually  falls  again  to  its  former  position.    Two  or  3  hours  and  more 
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may  elapse  before  this  restoration  is  complete  (cf •  figs.  3,  4  and  5  and 
also  table  1).  As  shown  in  figure  3,  massage  of  the  other  thyroid 
gland  does  not  then  reproduce  the  first  effect.    This  may  be  merely 


Time    II 


Fig  2.  Graph  showing  absence  of  noteworthy  variations  of  the  heart  rate  dur- 
ing 100  minutes  (10:40  to  12:20),  and  then  a  rise  from  208  to  224  beats  per  minute, 
following  massage  of  the  right  thyroid  gland  for  2  minutes  (12:1^-15). 


Fig.  3.  Graph  showing  rise  of  heart  rate  from  182  to  232  beats  per  minute  and 
persistent  high  rate  for  about  1  hour,  induced  by  massage  of  the  right  thyroid 
gland  for  2  minutes  (11:36-38).  Subsequent  massage  of  the  left  thjrroid  for 
3  minutes  (2:47-50)  caused  a  minor  acceleration,  from  188  to  212  beats  per  minute. 

because  the  first  eiGfect  has  already  occurred,  but  we  have  the  impres- 
sion that  mere  delay  under  ether  and  under  the  circumstances  of 
operation  renders  the  massage  less  capable  of  inducing  a  faster  rate 
(cf.  e.g.,  fig.  2). 
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That  the  faster  rate  induced  by  massage  of  the  thyroid  is  not  in  fact 
due  to  disturbance  of  the  parathyroids  was  proved  by  excising  asep- 
tically  the  one  which  is  embedded  on  either  side  and  later  manipulating 
the  thyroid  alone.    The  effects  were  such  as  described  above. 

II  IE  I    Time 


Fig.  4.  Graph  with  samples  of  the  original  record  showing  absence  of  effect 
after  massage  of  the  right  submaxillar}'  gland  (10:56-68),  and  increase  of  heart 
rate  from  180  (11 :  18)  to  211  beats  per  minute  (12:36)  after  massage  of  both  thyroid 
glands  (11:23-25).  The  nimibers  above  the  line  (zero  blood  pressure;  5-8econd 
intervals)  here  and  in  other  similar  records  represent  the  heart  rates  per  minute; 
the  figures  below,  the  time  and  the  rectal  temperature. 

It  might  be  supposed  that  other  organs  would  share  with  the  thyroid 
the  capacity  to  accelerate  the  heart.  Massage  of  the  adrenal  gland 
and  also  of  the  liver  (5)  can  indeed  have  that  effect,  but  it  occurs  at 
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once  after  the  manipulation  and  passes  away  within  a  few  minutes  at 
the  outside — i.e.,  before  the  latent  period  of  the  thyroid  would  be  ended. 
In  order  to  test  another  glandular  structure,  the  submaxillary  gland  was 
vigorously  stroked,  pressed  and  tapped  upon  for  2  minutes.  As  shown 
in  figure  4,  no  change  resulted  in  the  following  25  minutes.  Then  the 
thyroid  was  massaged  in  the  usual  way  for  2  minutes.  The  cardiac 
rate  soon  began  to  rise  and  in  about  an  hour  had  risen  from  180  to  211 
(31  beats)  per  minute.  No  greater  amount  of  tissue  disturbance,  as 
such,  was  involved  in  manipulating  the  thyroid  than  in  manipulating 
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Fig.  5.  Graph  showing  cardiac  acceleration  (from  172  to  196  beats  per  minute) 
after  massage  of  the  right  thyroid  gland  for  2  minutes  (10:32-34).  The  adrenal 
glands  had  been  removed  (at  9:35).  As  the  blood  pressure  (lower  line)  fell  below 
70  nmi.  Hg.,  the  experiment  was  interrupted. 

the  submaxillary,  if,  indeed,  there  was  as  much,  and  yet  the  effect  was 
altogether  different  and  characteristic  when  the  thyroid  was  disturbed. 
A  question  which  early  arose  was  whether  the  cardiac  acceleration 
was  due  to  the  direct  influence  of  thyroid  substance  carried  to  the 
heart,  or  was  indirectly  caused  by  thyroid  stimulation  of  the  adrenal 
medulla.  As  already  remarked,  the  blood  pressure  was  low  in  a  number 
of  experiments  in  which  the  adrenals  were  removed  after  denervation 
of  the  heart,  and  in  these  instances  thyroid  massage  was  ineffective. 
That  this  failure  does  not  indicate  that  the  adrenal  glands  are  essential 
to  the  occurrence  of  a  faster  beat  is  shown  in  figure  5.  Unfortunately 
about  an  hour  after  the  stimulation  the  blood  pressure  fell  below  70  mm. 
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Hg.  and  the  experiment  was  therefore  discontinued.  The  character- 
istic positive  effect  produced  by  thyroid  massage  in  this  and  another 
instance,  however,  proves  that  the  acceleration  of  the  pulse  is  not 
mediated  through  adrenal  secretion. 

A  single  attempt  to  secure  a  faster  heart  rate  by  thyroid  stimulation 
when  the  cardiac  nerves  were  intact  led  to  a  questionable  result.    The 

TABLE  1 
Acceleration  of  the  denervated  heart  by  stimulation  of  the  thyroid  gland 


HEABT  BEATS  PER  UINrTB 


Initial 


Maximal       IncreaBe 


DCBATIOK  OF  rASTER  BATE 


Massage 


December  3.. 
December  4. . 
December  6 . . 
December  17. 
January  10. . . 
February  4 . . 


182 

232 

50 

208 

224 

16 

124 

160 

26 

188 

212 

24 

204 

220 

16 

180 

211 

31 

2  hours  40  minutes 

40  minutes 

3  hours 

2  hours  10  minutes 

50  minutes 

2  hours  10  minutes 


Cervical  sympathetic  stimulation 


December  13. 
December  23. 

January  5 

January  6 


192 

220 

28 

220 

244 

24 

144 

172 

28 

200 

222 

22 

3  hours  20  minutes 

2  hours 

3  hours  30  minutes 
2  hours  10  minutes 


Reflex  stimulation 

January  13 

176 
212 
192 

208 
240 
226 

32 
28 
34 

3  hours  + 

January  22 

2  hours 

January  28 

2  hours 

Asphyxial  stimulation 

January  31 

198 
156 
183 

216 
204 
207 

18 
48 
24 

1  hour   45  minutes 

February  10 

February  11 

2  hours  30  minutes  + 
2  hours  20  minutes 

heart  rate  which  for  24  minutes  had  varied  only  between  190  and  192 
beats  per  minute  began  to  rise  shortly  after  massage  of  the  thyroid 
(12:42-45)  and  continued  rising  gradually  until  1:42  when  the  rate 
was  212;  there  it  remained  for  about  15  minutes,  and  then  slowly 
returned  to  200  beats  per  minute,  at  2:30.  The  rise  and  fall  were 
typical,  and  during  most  of  the  period  the  etherization  was  unchanged. 
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Before  the  thyroid  stimulation,  however,  some  vomiting  movements 
(at  11 :35)  had  sent  the  heart  rate  through  the  same  range  (192  to  212), 
with  a  return  to  192  at  12:12.  During  this  period  the  etherization 
was  uniform.  These  incidental  variations  of  rate  when  the  nervous 
connections  of  the  heart  are  intact  render  conclusions  uncertain.  We 
therefore  relied  on  the  denervated  heart. 

The  effect  of  cervical  sympathetic  stimulation.  In  stimulating  the  cervi- 
cal sympathetic  we  applied  a  mechanically  interrupted  tetanizing 
current  to  the  strand  in  the  neck  in  some  instances  and  as  it  left  the 
stellate  ganglion  in  others.  In  different  experiments  the  stimulation 
lasted  from  5  to  15  minutes.  The  current  was  so  weak  that  the  iris  was 
only  about  three-fourths  withdrawn  and  was  oscillating  throughout 
the  period  as  the  stimulus  went  on  and  off. 

The  results  are  illustrated  in  figures  6  and  7  and  in  table  1.  It  will 
be  seen  that  the  heart  is  accelerated  much  as  it  is  when  the  thyroid 
gland  is  directly  massaged,  and  that  the  acceleration  lasts  for  com- 
parable periods. 

It  seemed  possible  that  sjonpathetic  impulses  might  affect  other 
endocrine  organs  (e.g.,  the  anterior  lobe  of  the  pituitary  body)  and  that 
consequently  the  effect  produced  might  be  complicated  by  other  than 
thyroid  substance.  In  order  to  test  this  possibility  we  removed  the 
thyroid  on  one  side.  We  attempted  to  do  this  at  the  beginning  of  the 
experiment,  but  were  confronted  with  a  heart  rate  of  228  beats  per 
minute,  which  in  the  course  of  3  hours  gradually  fell  to  180  beats.  This 
might  have  been  due  to  liberation  of  thyroid  material  during  the  removal 
of  the  gland.  In  order  to  avoid  any  possible  thyroid  effect  except 
that  in  which  we  were  interested,  we  removed  the  gland  aseptically 
the  day  before  the  experiment.  As  shown  in  figure  7,  stimulation 
(for  10  minutes — 9:50-10:00)  of  the  cervical  sympathetic  branch  from 
the  stellate  on  the  side  from  which  the  thyroid  had  been  removed  had 
no  effect.  The  nervous  connections  were  intact,  for  the  nictitating 
membrane  was  withdrawn  and  the  iris  was  oscillating  while  the  stimulus 
was  intermittently  applied.  The  same  stimulation  (for  the  same 
period — 10:29-39)  of  the  corresponding  branch  on  the  other  side  of 
the  neck,  where  the  thyroid  was  present,  induced  a  typical  increase 
of  the  heart  rate.  Within  10  minutes  the  pulse  had  begun  to  rise  from 
the  initial  level  of  200  beats  and  after  50  minutes  it  had  slowly  risen  to 
222.  Thereupon  the  rate  began  to  descend;  in  an  hour  and  10  minutes 
it  had  returned  nearly  to  its  initial  level.  The  correspondence  between 
the  effects  of  thyroid  massage  and  the  effects  of  cervical  sympathetic 
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10  II  \z    Time 


Fig.  7.  Graph  with  samples  of  the  original  record  showing  absence  of  efifect 
when  the  cervical  sympathetic  strand  was  stimulated  (9:50-10:00)  on  the  left 
side  from  which  the  thyroid  gland  had  been  removed,  and  a  typical  cardiac 
acceleration  (from  200,  at  10:24,  to  222  beats  per  minute  at  11:36)  when  the  strand 
was  stimulated  (10:29-39)  on  the  right  side  where  the  gland  was  present.  The 
stimulus  was  in  each  instance  a  mechanically  interrupted  tetanizing  current, 
just  adequate  to  keep  the  iris  oscillating. 


Digitized  by 


Google 


CONDITIONS  OP  ACTIVITY  IN  ENDOCRINE  GLANDS 


489 


stimulation  when  the  thyroid  is  present  (cf.  figs.  4  and  7),  and  the 
absence  of  any  influence  of  sympathetic  stimulation  when  the  thyroid 
is  lacking  seems  to  us  to  justify  the  conclusion  that  the  faster  cardiac 
rate  is  due  to  thyroid  secretion  induced  by  sympathetic  impulses. 

The  effect  of  afferent  stimulation  and  asphyxia.  The  rise  of  blood 
pressure  which  can  be  brought  about  by  stimulation  of  a  sensory  nerve 
or  by  asphyxia  is  a  manifestation  of  the  efficacy  of  these  measures  in 
evoking  S3rmpathetic  activity.    Elsewhere  evidence  has  been  adduced 


Fig.  8.  Graph  showing  quick  rise  and  fall  of  heart  rate  in  consequence  of 
afferent  stimulation  (sciatic  nerve,  11:18-25)  sufficient  to  cause  slight  dilatation 
of  the  pupil,  and  of  asphyxia  (12:40)  for  105  seconds.  Both  thyroid  glands  had 
been  removed;  the  accelerations  are  due  to  adrenal  and  probably  also  to  hepatic, 
secretion. 

that  these  modes  of  exciting  the  sjrmpathetic  will  provoke  a  secretion 
from  the  adrenal  medulla,  and  possibly  also  from  the  liver,  as  revealed 
by  a  faster  pulse  (4),  (5).  The  influence  of  these  glands,  therefore, 
would  appear  in  any  experiment  demonstrating  a  reflex  or  asphyxial 
secretion  from  the  thyroid.  In  order  to  have  a  background  for  judging 
the  thyroid  element  in  the  response,  as  distinct  from  the  adrenal  and 
hepatic  elements,  we  removed  both  thyroid  glands  aseptically  and  the 
next  day  recorded  the  change  of  rate  of  the  denervated  heart  in  response 
to  afferent  stimulation  and  asphyxia.    The  results  are  given  in  figure  8. 
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Interrupted  tetanization  of  the  sciatic  nerve  for  7  minutes  (causing 
slight  dilatation  of  the  pupil)  increased  the  pulse  from  164  to  194  beats 
per  minute.  The  heart  promptly  returned  to  its  previous  rate.  There 
it  remained  during  the  following  hour,  varying  only  between  164  and 
170.  Asphyxia  for  105  seconds  then  sent  up  the  rate  from  170  to  204 
beats  per  minute;  and  again  the  heart  promptly  resumed  its  former 
pace,  maintaining  it  thereafter  without  considerable  change.  It  is 
not  necessary  now  to  discuss  further  the  occasion  for  this  cardiac  accel- 


Time 


Fig.  9.  Graph  showing  the  quick  rise  and  fall  of  rate  shown  in  figure  8,  fol- 
lowed by  the  slow  rise  and  fall  t3rpical  of  thyroid  stimulation.  Both  th3rroid 
glands  were  present.  The  cardiac  accelerations  (from  192  to  236  and  later  to 
226  beats  per  minute)  were  due  to  stimulation  of  the  right  brachial  nerve  with  an 
interrupted  tetanizing  current  from  11:05  to  11:20;  only  during  the  last  4  min- 
utes were  the  pupils  widened  and  the  nictitating  membranes  withdrawn. 

eration.  As  stated  above,  material  discharged  into  the  blood  stream 
from  the  adrenal  medulla  and  the  liver  accounts  for  the  quick  rise  and 
fall  of  the  heart  rate  in  consequence  of  afferent  stimulation  and  asph3rxia. 
On  the  other  hand,  when  these  two  modes  of  arousing  sympathetic 
nerve  impulses  are  applied  when  the  thyroid  glands  are  present,  they 
give  rise  to  characteristic  additional  changes  of  heart  rate,  resembling 
those  already  described  as  occurring  after  thyroid  massage  or  after 
stimulation  of  the  gland  through  the  cervical  sympathetic  strand. 
These  effects  are  shown  in  table  1  and  also  in  figures  9  and  10. 
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In  the  experiment  illustrated  by  figure  9  an  interrupted  tetanizing 
current  (3  seconds  on  and  3  seconds  off)  was  applied  to  the  bracliial 
nerve  for  15  minutes.  Only  during  the  last  3  or  4  minutes  was  the 
anesthesia  reduced  to  a  degree  that  permitted  reflex  withdrawal  of  the 


\% 

1 

Time 

z 

-zio  • 

h 

1 

1 

^^ . 

1 

- 

r~ 

\ 

-190 

\ 

^\-^ 

\ 

- 

-I80 

HT) 

\l 

> 

V 

Fig.  10.  Graph  with  samples  of  the  original  record  showing  the  quick  rise  and 
fall  of  heart  rate  shown  in  figure  8,  followed  by  the  slow  rise  and  fall  typical  of 
thyroid  stimulation.  Both  thyroid  glands  were  present.  The  cardiac  accelera- 
tions (from  183  to  204  and  from  172  to  207  beats  per  minute)  were  due  to  repeated 
periods  of  asphyxia,  six  in  all,  from  11:32  to  11:48,  each  lasting  1.5  or  2  minutes. 
The  right  nictitating  membrane  was  completely  withdrawn,  the  left  nearly  so, 
during  the  asphyxiation. 

nictitating  membranes  and  dilatation  of  the  pupils.  As  the  figure  shows, 
the  first  effect  was  the  typical  sharp  increase  of  rate  (from  192  to  232 
beats  per  minute)  due  to  reflex  adrenal  (and  hepatic?)  secretion,  and  this 
was  followed  by  the  rapid  fall  shortly  after  the  stimulation  ceased. 
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Almost  at  once,  however,  the  rate  began  to  rise  again  and  continued  to 
rise  in  the  slow  manner  characteristic  of  thyroid  influence,  until  a 
maximum  (226  beats  per  minute)  was  reached,  and  then  slowly  subsided 
to  the  former  level.  The  absence  of  this  second  response  when  the 
thyroids  are  absent  and  its  presence  when  they  are  present,  together 
with  the  close  resemblance  of  the  positive  effect  to  that  produced  by 
direct  thyroid  massage,  justify  the  conchision  that  it  is  due  to  reflex 
excitation  of  the  thyroid  glands. 

Figure  10  illustrates  the  similar  results  of  asphy^dal  stimulation.  In 
this  case  the  tracheal  cannula  was  closed  1.5,  2,  2,  2  and  2  minutes  in 
succession,  with  a  period  of  breathing  for  1  minute  before  each  recurrent 
closure.  The  nictitating  membranes  were  wholly  withdrawn  and  the 
right  pupil  widely  dilated  (the  left  less  so)  during  the  period  of  repeated 
asphyxiation.  Again  there  was  a  rapid  rise  of  the  cardiac  rate  from 
183  to  204  beats  per  minute  and  an  equally  rapid  fall  when  the  stimula- 
tion ceased,  a  duplication  of  the  first  changes  illustrated  in  figure  8  and 
properly  ascribable  to  the  discharge  of  adrenal  and  hepatic  material 
into  the  blood  stream.  At  once  thereafter  the  rate  began  to  rise  and 
after  a  little  more  than  an  hour  it  had  reached  a  maximum  of  207  beats 
per  minute.    Another  hour  passed  before  the  initial  rate  was  restored. 

In  some  of  our  cases  the  heart  rate  fell  only  slightly  after  the  initial 
adrenal  effect,  i.e.,  the  secondary  thyroid  influence  very  soon  began  to 
appear.  On  January  13,  for  example,  the  rate  went  up  from  176  to  208 
beats  per  minute  during  sciatic  stimulation,  and  it  had  returned  only  to 
192  when  the  fall  was  checked  and  the  secondary  rise  began;  it  con- 
tinued until  a  maximum  (208  beats)  equal  to  the  adrenal  effect  was 
attained.  Similarly  in  the  asphyxial  series  (Feb.  10)  asphyxia  caused 
an  acceleration  of  the  heart  from  156  to  232  beats  per  minute  (an 
increase  of  76  beats!).  The  rate  dropped  down  to  194  and  then  slowly 
rose  to  204  before  starting  on  its  gradual  downward  course. 

General  considerations.  In  contribution  IV  of  this  series  Levy  stated 
that  though  in  his  experiments  adrenahn  became  more  effective  as  a 
pressor  agent  after  thyroid  stimulation  it  did  not  become  more  effec- 
tive as  an  accelerator  of  the  heart.  It  is  noteworthy,  however,  that  in 
one  case  cited  by  him  (2,  p.  498)  the  basal  rate  of  the  heart  increased 
15  beats  per  minute  after  excitation  of  the  left  cervical  sympathetic 
strand.  This  may  have  been  an  instance  similar  to  those  described 
in  the  foregoing  pages,  though  the  absence  of  a  temperature  record  does 
not  permit  a  definite  conclusion  to  be  drawn  from  his  data.  Certain  it 
is  that  our  present  results  confirm  those  of  Levy  and  the  earlier  work  of 
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Cannon  and  Cattell  (1)  in  showing  that  the  thyroid  is  capable  of  exerting 
a  fairly  prompt  action  and  that  the  gland  is  subject  to  sympathetic 
control.  The  maximal  heart  rate  in  our  experiments  appeared  sooner 
(in  30  to  45  minutes)  alter  the  stimulation  than  did  Levy's  maximal 
pressor  effect  of  adrenalin  (in  2  to  3  hours).  This  discrepancy  may  be 
related  to  a  difference  of  action  of  thyroid  material  on  the  two  structures 
— vessel  wall  and  cardiac  muscle — or  it  may  be  due  to  the  very  low  blood 
pressure  in  Levy's  pithed  animals  and  the  consequent  retarding  of  all 
responses. 

In  an  earlier  paper  of  this  series  the  results  reported  by  Rahe,  Rogers, 
Fawcett  and  Beebe  (11)  and  by  Watts  (12),  indicating  that  sympathetic 
stimulation  reduces  the  iodine  content  of  the  thyroid  on  the  side  stimu- 
lated, were  mentioned  as  supporting  the  view  that  the  gland  is  subject 
to  sympathetic  impulses  (1).  Recently  Van  Dyke  has  repeated  this 
work  and  has  f  oimd  that  the  variations  in  the  iodine  content  on  the  two 
sides,  stimulated  and  control,  lie  within  the  range  of  differences  normally 
found  in  imstimulated  animals  (13).  We  know  too  little  about  either 
the  character  or  the  effective  amoimt  of  the  material  given  off  by  the 
gland  to  permit  us  to  judge  the  significance  of  variations  or  the  absence 
of  variations  in  the  iodine  content.  Even  if  Van  Dyke's  results  are 
confirmed,  the  absence  of  chemical  differences  beyond  those  normally 
present  in  the  two  thyroid  lobes  could  not  be  interpreted  as  contra- 
dicting the  positive  evidence  of  physiological  effects  of  thyroid  stimu- 
lation such  as  have  been  described  in  the  foregoing  pages. 

In  discussing  sympathetic  control  of  the  gland  Van  Dyke  mentions  a 
number  of  investigators — Burget  (14),  Marine,  Rogoff  and  Stewart 
(15),  and  Troell  (16) — ^who  have  failed  to  obtain  any  effects  on  uniting 
the  phrenic  nerve  with  the  cervical  sympathetic  strand,  and  he  asso- 
ciates these  failures  with  his  own  results  as  throwing  doubt  on  sympa- 
thetic control  of  thjrroid  secretion.  These  failures,  however,  need  not 
now  concern  us;  they  will  be  considered  in  a  later  paper  when  the  posi- 
tive experiments  are  described  in  detail;  for  the  present  we  wish  only  to 
note  that  they  have  little  or  no  bearing  on  the  results  we  are  now 
reporting. 

In  conclusion  we  wish  to  emphasize  once  more  the  importance  of 
using  the  sympathetic  fibers  themselves  rather  than  the  superior  or 
recurrent  laryngeal  nerves  as  means  of  testing  the  nervous  government ; 
of  the  thyroid  apparatus.  Stimulation  of  the  laryngeal  nerves  may< 
induce  effects  such  as  we  have  obtained — ^indeed,  we  have  seen  accelera- 
tion of  the  denervated  heart  after  exciting  the  superior  laryngeal 
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branch  of  the  vagus — but  that  does  not  prove  that  vagus  impulses  influ- 
ence the  gland.  As  pointed  out  in  a  previous  paper  (1),  these  branches 
of  the  vagus  may  have  an  admixture  of  sympathetic  fibers  and  therefore 
the  results  of  stimulating  them  are  not  decisive  as  to  the  division  of  the 
autonomic  system  that  is  effective.  Our  data  in  this  and  in  previous 
communications  show  that  it  is  the  sympathetic  division  that  acts — a 
fact  of  much  importance  in  interpreting  the  function  of  the  thyroid 
gland  in  the  bodily  economy. 

SUMMARY 

Gentle  massage  of  the  thyroid  gland  in  the  cat  for  2  or  3  minutes  will 
cause  an  increased  rate  of  the  denervated  heart  amounting  in  some 
instances  to  25  per  cent  over  the  basal  rate.  The  development  of  the 
maximal  increase  of  rate  is  usually  slow,  requiring  from  30  to  60  minutes 
and  passing  off  in  a  similarly  slow  manner  (see  figs.  2,  3  and  4). 

Massage  of  another  gland,  e.g.,  the  submaxillary,  does  not  c£*use  this 
effect  (see  fig.  4). 

The  augmentation  of  heart  rate  caused  by  thyroid  massage  occurs  \ 
in  the  absence  of  the  adrenal  glands  (see  fig.  5) .  / 

Stimulation  of  the  cervical  sympathetic  trunk  as  it  leaves  the  stellate 
ganglion  induces  a  similar  augmentation  of  the  rate  of  the  denervated  / 
heart;  this  does  not  occur  if  the  thyroid  gland  has  previously  been 
removed  (see  figs,  6  and  7). 

If  the  thyroid  glands  have  been  previously  removed,  sensory  stimula- 
tion and  asphyxia  induce  only  the  brief  increase  of  rate  due  to  adrenal 
and  hepatic  discharge  (see  fig.  8). 

If  the  cardiac  fibers  from  the  stellate  ganglia  are  severed,  as  well  as 
the  vagus  nerves,  and  an  afferent  nerve,  such  as  the  sciatic  or  brachial, 
is  stimulated  under  a  degree  of  anesthesia  which  will  permit  reflex 
retraction  of  the  nictitating  membrane  and  dilatation  of  the  pupil, 
there  is  a  primary  increase  of  rate  due  to  adrenal  secretion,  followed 
by  the  slowly  developing  increase  characteristic  of  the  thyroid  effect 
(see  fig,  9). 

If  the  vagi  and  the  cardiac  fibers  of  the  stellate  are  cut,  and  the 
animal  is  asphyxiated  under  conditions  which  permit  the  eye  changes 
described  above,  there  is  a  similar  primary  rise  due  to  adrenal  secretion, 
followed  by  the  secondary  thyroid  effect  (see  fig.  10). 
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Addendum.  Attempts  to  repeat  these  observations  in  March  and  April  have 
resulted  in  slight  or  negative  effects.  These  rather  striking  differences  are 
probably  correlated  with  the  remarkable  seasonal  variations  in  the  iodine 
content  of  the  thyroid  gland  reported  by  Seidell  and  Fenger  (Joum.  Biol.  Chem., 
1912,  xiii,  523,  Bulletin  U.  S.  Hygienic  Laboratory,  No.  96,  1914,  p.  67).  These 
observers  found  that  the  percentage  of  iodine  in  the  dried  thyroid  in  March, 
though  averaging  one  third,  may  be  less  than  one  eighth  the  percentage  found 
in  the  late  summer  and  autumn  months. 

BIBLIOGRAPHY 

(1)  Cannon  and  Cattell:  This  Journal,  1916,  xli,  58. 

(2)  Levy:  Ibid.,  1916,  xli,  492. 

(3)  Cannon  and  Rapport:  Ibid.,  1921,  Iviii,  308. 

(4)  Cannon:  Ibid.,  1919,  1,  399. 

(6)  Cannon  and  Uridil:  Ibid.,  1921,  Iviii,  353*. 

(6)  Evans:  Joum.  Physiol.,  1912,  xlv,  231. 

(7)  Knowlton  and  Starling:  Ibid.,  1912,  xliv,  215. 

(8)  See  Bayliss  :  Principles  of  general  physiology,  London,  1915,  680. 

(9)  See  Stewart  and  Rogoff:  Joum.  Exper.  Med.,  1912,  xxv,  547;  Hoskinb 
AND  McPeek:  Joum.  Amer.  Med.  Assoc,  1913,  Ix,  1777. 

(10)  Kendall:  Collected  papers,  the  Mayo  Clinic,  1915,  vii,  399. 

(11)  Rahe,  Rogers,  Fawcett  and  Beebe:  This  Journal,  1914,  xxxiv,  72. 

(12)  Watts:  Ibid.,  1915,  xxxviii,  356. 

(13)  Van  Dyke:  Ibid.,  1921,  Ivi,  168. 

(14)  Burget:  Ibid.,  1917,  xliv,  492. 

(15)  Marine,  Rogoff  and  Stewart:  Ibid.,  1918,  xlv,  268. 

(16)  Trobll:  Arch.  Int.  Med.,  1916.  xvii,  382. 


Digitized  by 


Google 


THE  EFFECT  OF  SOME  POLYHYDRIC  ALCOHOLS  ON  THE 
BEHAVIOR  OF  RATS  IN  THE  CIRCULAR  MAZE 

DAVID  I.  MACHT  and  GIU  CHING  TING 

From  the  Pharmacological  Laboratory ,  Johns  Hopkins  University 

Received  for  publication  January  18,  1922 

In  a  preceding  paper  the  authors  have  described  their  studies  of  the 
comparative  effects  of  ethanol,  caffeine  and  nicotine  on  the  behavior  of 
white  rats  in  the  circular  maze  (1) .  It  was  pointed  out  that  this  method 
of  study  is  well  adapted  to  the  investigation  of  the  narcotic  properties 
of  various  drugs,  as  the  maze  enables  one  to  determine  even  slight 
depression  of  the  central  nervous  system  and  impairments  of  the  neuro- 
muscular mechanism.  Following  the  study  of  ethanol  in  this  connec- 
tion it  was  deemed  desirable  to  inquire  into  the  narcotic  properties  of 
small  doses  of  other  alcohols.  It  is  well  known  that  the  higher  mono- 
acid  alcohols  of  the  fatty  acid  series  become  more  toxic  with  the  in- 
crease in  their  molecular  weight,  following  what  is  known  as  Richard- 
son's law  (2).  A  comparative  study  of  primary  and  secondary  alcohols 
carried  out  by  one  of  the  authors  has  also  shown  that  while  the 
secondary  alcohols  are  less  toxic  than  the  primary  ones,  nevertheless 
the  toxicity  of  analogous  members  increases  as  one  goes  up  the  series 
(3).  It  was  therefore  deemed  useless  to  study  the  narcotic  properties 
of  the  higher  mono-acid  alcohols.  On  the  other  hand  the  toxicity  of 
some  polyhydric  alcohols  is  known  to  be  not  very  great  and  a  study  was 
therefore  undertaken  to  determine  whether  such  iJcohols  are  capable  of 
depressing  the  brain  and  neuro-musciilar  mechanism  of  rats  or,  in 
other  words,  whether  they  exert  a  narcotic  effect. 

In  the  present  investigation  a  number  of  such  polyhydric  alcohols 
was  studied  after  injection  intraperitoneally  in  white  rats.  The 
method  of  study  was  the  same  as  described  in  the  previous  paper. 
Albino  rats  were  trained  to  solve  the  maze  problem  so  as  to  find  their 
way  through  labrjmthian  paths  to  the  center  of  the  maze  without  com- 
mitting any  errors  and  in  the  shortest  period  of  time  possible.  After 
the  animals  had  been  trained  the  various  drugs  to  be  studied  were 
administered  and  the  behavior  as  well  as  various  somatic  changes  were 
noted  at  various  intervals  after  the  injection  of  the  drugs. 
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Experimental  data,  A  total  of  40  rats  was  employed  in  this  investiga- 
tion. Most  of  the  animals  were  male  but  a  few  experiments  were  also 
made  on  female  rats.  The  animals  at  the  beginning  of  the  investiga- 
tion were  on  the  average  about  45  days  of  age  and  in  perfect  physical 
condition. 

The  following  polyhydric  alcohols  were  studied:  ethylene  glycol 
C2H4(OH),,  glycerol  C,H6(OH)8,erythrite,C4H«(OH)4,arabite  C6H7(OH)5 
mannite  CbHsCOH)*,  dulcite  C«H8(0H)«,  perseite  C7H9(OH)7  and 
volemite  CTHgCOH)?.  Of  these  the  first  two  are  liquids  while  the 
others  are  crystalline  solids.  The  drugs  were  dissolved  in  water,  in 
concentrations  of  from  1  to  3}  per  cent.  Stronger  solutions  were  not 
made  in  order  to  avoid  mechanical  irritation  due  to  the  salt  action  or 
the  ph3rsical  phenomenon  of  osmosis,  etc.    Control  experiments  were 


TABLE  1 


POLTHTDBIC  AXTOHOUI 


Ethanol  CiHjOH 

Glycol  C,H4(0H),.... 
Glycerol  CHsCOH),.. 
Erythrite  C4H6(OH)4 
ArabiteCja[7(0H),... 
Mannite  CeHsCOH) 6. 
Dulcite  CeHs(0H)6.. 
Perseite  CtHiCOH) 7.. 
Volemite  CtHiCOHJt. 


uunuAh  Kwrivnrm 
Doea  psR 

100  OBAMB  or  BAT 


mom, 

80 

120 

160 

200 

230 

320 

120 

over  380 

over  380 


made  with  injections  of  normal  or  physiological  sodium  chloride  solu- 
tions, in  order  to  determine  the  effect  of  injection  of  large  volumes  of 
fluid.  It  may  be  stated  at  once  that  injections  of  even  10  or  12  cc.  of 
normal  saline  solutions  produce  very  little  or  no  effect  on  the  rats  half 
an  hour  after  injection. 

Results.  The  results  obtained  with  the  various  polyhydric  alcohols 
are  expressed  in  the  subjoined  table.  The  object  of  the  experiments 
was  to  determine  the  smallest  quantity  of  the  drugs  used  which  pro- 
duced a  depression  in  the  behavior  of  the  rats.  The  average  minimal 
effective  doses  in  this  respect  are  expressed  in  the  table.  It  will  be 
noted  that  glycol  is  quite  depressant  or,  using  the  term  in  its  broadest 
sense,  "narcotic"  for  the  rats,  a  dose  of  120  mgm.  per  100  grams  of  rat 
being  suflBicient  to  produce  a  depression  in  the  behavior  of  the  animals. 
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An  excitement  stage  was  not  noted  after  any  doses  of  the  drug,  as  indi- 
cated by  the  method  used. 

The  effect  of  glycerol  or  glycerine,  the  tri-acid  alcohol,  was  also 
extremely  interesting.  The  average  minimal  effective  dose  of  glycerol 
was  found  to  be  about  twice  as  great  as  that  of  ethyl  alcohol,  or  160  mgm. 
The  higher  members  of  the  series  were  also  found  to  produce  depression 
provided  a  sufficient  dose  was  administered.  The  tetra-hydric  alcohol, 
erythrite,  required  290  mgm.  per  100  grams  of  weight  to  depress  the 
animals.  The  pentra-hydric  alcohol,  arabite,  required  230  mgm., 
while  the  two  hexa-hydric  alcohols  studied,  namely  mannite  and 
dulcite,  required  320  mgm.  and  120  mgm.  respectively.  It  is  interesting 
to  note  that  the  two  isomers,  mannite  and  dulcite,  differed  in  their 
toxicity.  The  authors,  however,  did  not  pursue  any  further  inquiries 
concerning  the  relative  toxicity  of  various  isomers  of  the  various  higher 
alcohols  studied.  Two  members  of  the  hepta-hydric  alcohols  were 
examined.  These  were  the  rare  substances,  perseite  and  volemite. 
These  compounds,  however,  were  found  to  be  very  little  toxic,  so  that 
comparatively  very  large  volumes  of  these  solutions  had  to  be  employed 
and  the  results  obtained  while  indicating  a  narcosis  or  depression  were 
not  entirely  satisfactory  as  the  depression  might  have  been  due  to  their 
salt  action. 

Discicssion.  It  is  evident  from  the  above  table  that  all  of  the  sub- 
stances examined  produced  a  depression  of  the  neuro-muscular  system 
and  are  "  narcotic  "  in  the  broad  sense  of  the  word.  Of  especial  interest 
is  the  action  of  the  first  two  members  of  the  series;  namely  glycol  and 
glycerol.  Poison  cases  following  the  ingestion  of  glycol  and  glycerol 
are  not  unknown.  Symptoms  of  intoxication  in  animals  have  been 
described  by  Dujardin, Baumetz  and  Audige  (4)  and  others.  References 
to  intoxication  following  the  ingestion  of  large  quantities  of  glycerine 
have  been  recorded  by  Kobert  (5)  and  Kunkel  (6).  In  the  present 
investigation,  no  excitement  stage  was  noted  after  any  of  the  drugs, 
even  after  small  doses.  It  is  interesting  to  note  that  while  the  potency 
of  the  drugs  examined  generaUy  decreases  with  their  molecular  weight, 
exceptions  occur  as  noted  in  the  case  of  erythrite  and  arabite  on  the 
one  hand  and  the  isomers,  mannite  and  dulcite,  on  the  other.  When 
one,  however,  compares  the  toxicity  of  the  various  drugs  examined  in 
their  relation  to  their  molar  solutions  the  difference  in  toxicity  is 
not  so  striking. 
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SUMMARY 

1.  A  number  of  polyhydric  alcohols  was  studied  on  rats  in  the  circular 
maze. 

2.  It  was  found  that  all  of  the  polyhydric  alcohols  when  administered 
in  sufficient  quantity  produced  a  depressant  effect  as  indicated  by 
this  method. 
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It  has  long  been  known  that,  synchronously  with  the  phases  of  nonnal 
respiration,  changes  in  blood  pressure  occur.  In  continuous  blood  pres- 
sure records  these  changes  appear  as  waves.  Each  wave  is  completed 
during  a  single  respiration,  the  rise  and  fall  of  pressure  having  a  definite 
relation  to  inspiration  and  expiration  (fig.  1).  The  object  of  this  re- 
search was  to  compare  these  effects  of  respiration  with  changes  in  blood 
pressure  produced  by  respiration  of  a  rapid  rate,  using  as  a  basis  of 
study  the  observation  that  respiration,  approximating  closely  the  rate 
of  heart  beat,  elicits  long  oscillations  of  blood  pressure  resembling  those 
described  above.  These  waves  were  observed  by  one  of  us  in  sacrifice 
experiments  on  the  dog  and  cat  in  which  for  some  unknown  cause  the 
respiration  became  markedly  accelerated.  Analysis  of  such  waves 
shows  that  the  series  of  heart  beats  associated  with  one  complete  oscilla- 
tion of  pressure  is  composed  of  one  beat  less  (fig.  2)  or  one  beat  more 
(fig.  3)  than  the  number  of  respirations  occurring  in  the  same  interval 
of  time.  A  rough  analogy  may  be  made  between  the  cardio-respiratory 
waves  of  blood  pressure  produced  imder  these  conditions  and  the  alter- 
nate reinforcement  and  interference  of  soimd  that  occurs  when  two 
tuning  forks  of  slightly  different  frequencies  are  made  to  vibrate  simul- 
taneously. We,  therefore,  refer  to  these  oscillations  as  cardiorespira- 
tory interference  waves  to  distinguish  them  from  what  we  designate  as 
simple  cardio-respiratory  waves,  in  which  the  relation  of  respiration  to 
heart  rate  is  always  that  of  one  respiration  to  several  heart  beats.* 

Knowing  the  nature  of  the  cardio-respiratory  interference  waves, 
and   the  advantages  (1)  which  the  interference  method  offers  for 

^  While  the  changes  in  pressure  in  the  simple  waves  are  in  effect  due  to  inter- 
ference and  augmentation  by  respiration,  yet  the  interference  is  quite  different 
from  that  referred  to  in  the  physical  interference  of  sound.  Bearing  this  in 
mind  we  feel  that  the  names  we  have  used  will  serve  to  differentiate  the  two  main 
types. 
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investigation,  the  opportunity  of  producing  these  waves  voluntarily  in 
man  was  used  to  obtain  a  more  extended  series  of  blood  pressure  waves 
than  the  fortuitous  experiments  on  the  dog  and  cat  would  permit.    The 


Fig.  1 


Fig.  2 


Fig.  3 

experiments  on  man,  therefore,  supply  the  bulk  of  the  data  for  this 
paper;  and  the  experiments  on  the  dog  and  cat  are  supplementary. 

Method.    Simultaneous  tracings  of  blood  pressure,  respiratory  move- 
ments, and  time  in  seconds  or  fifths  of  seconds,  were  recorded  upon 
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smoked  paper  by  means  of  a  long-roU  kymographion  revolving  at  a 
speed  suitable  for  accurate  measurements  (figs.  4  and  5),  the  subjects 
being  physiology  students  between  the  ages  of  20  and  30  years,  most 
of  whom  were  men.  Satisfactory  records  in  each  case  comprised: 
a,  simple  cardio-respiratory  waves;  b,  cardio-respiratory  interference 
waves  produced  under  two  conditions — 1,  with  respiration  slightly 
faster  than  the  heart  rate,  and  ^,  with  respiration  slightly  slower  than 
the  heart  rate.  Complete  data  which  are  summarized  in  figure  17 
were  obtained  from  thirty-two  individuals. 

Respiration  was  traced  by  means  of  a  recording  tambour  suitably 
connected  with  a  pneumograph  made  of  a  short  metal  cylinder,  the 
ends  being  closed  with  rubber  dam.  The  pneumograph  wad  adjusted 
to  the  thorax  in  the  region-  of  the  ensiform  cartilage.  'There  were  a 
few  exceptions  to  this  procedure  notably,  in  the  case  of  women,  where 
the  adjustment  of  the  pneumograph  was  higher  up  about  the  thorax. 
The  subject  was  instructed  to  brdi,the  synchropiously  with  a  metronome 
set  to  oscillate  at  the  desired  rate.  For  the, simple  cardio-respiratory 
waves  the  subject  was  instructed  to  breathe  slowly  and  comfortably 
deeply,  the  metronome  in  most  cases  being  dispensed  with'.  No  effort 
was  made  to  have  the*respiration  conform  to  any  type  such  as  ''ab- 
dominal" or  "thoracic." 

Continuous  blood  pressure  records  were  obtained  by  means  of  an 
Erlanger  sphygmomanometer.  The  validity  of  the  method  has  been 
•demonstrated  by  Erlanger  and  Festerling  (2)  and  their  procedure 
-for  showing  the  effect  of  respiration  on  blood  pressure  has  been  largely 
followed  in  these  experiments.  The  pressure  in  the  cuff  is  maintained 
at  a  point  slightly  below  systolic  leveP  since  it  is  at  this  pressure, 
according  to  Erlanger  (2),  that  changes  in  the  intra-arterial  pressure 
give  the  greatest  changes  in  the  excursions  of  the  writing  lever.  Under 
these  conditions  a  rise  in  the  intra-arterial  pressure  is  indicated  by  an 
increase,  and  a  fall  by  a  decrease  in  the  amplitude  of  oscillation. 

'  There  seems  to  be  considerable  variation,  in  different  subjects,  of  the  opti- 
mum pressure  for  securing  cardio-respiratory  waves,  particularly  of  the  inter- 
ference type.  As  the  experiments  proceeded  somewhat  lower  pressures  were  used 
with  better  results.  Figures  4  and  5  were  taken  in  the  neighborhood  of  diastolic 
pressure.  All  other  records  were  taken  much  nearer  the  systolic  than  the  dias- 
tolic level.  Snyder  (3)  has  shown  that  there  is  in  most  cases  a  reversal  of  the 
simple  cardio-respiratory  waves  when  the  pressure  in  the  cuff  falls  below  the 
diastolic  level.  It  is  probable  that  with  the  pressure  maintained  in  this  region 
interference  waves  would  suffer  a  similar  reversal. 


Digitized  by 


Google 


CARDIO-RESPIRATORY  INTERFERENCE  WAVES  503 


Digitized  by 


Google 


504        BOBERT  T.  TBOTTEBy   PHILIPS  ED60N  AND  BOBEBT  OE8ELL 

In  analyzing  our  records  we  have  followed  the  common  custom  of 
laying  off  the  heart  beats  on  the  respiratory  tracing  without  making 
allowance  for  the  time  of  transmission  of  the  pulse  to  the  cuff. 

Expebimental:  Simple  carduHrespiratory  waves  of  blood  pressure. 
All  our  records  of  blood  pressure  waves  of  this  type  (fig.  1)  show, 
in  the  main,  a  rise  of  pressure  during  expiration,  and  a  fall  during 
inspiration  (see  fig.  17).  This  is  in  agreement  with  the  findings  of 
Erlanger  and  Festerling  (2),  but  Snyder  (3),  in  a  record  of  twenty- 
eight  cases,  reports  twenty  as  showing  chiefly  inspiratory  rise  and  ex- 
piratory fall,  and  eight  as  showing  chiefly  expiratory  rise  and  inspira- 
tory fall  of  pressure.*  In  most  of  our  experiments  the  pressure  begins 
to  rise  toward  the  end  of  inspiration  and  to  fall  before  expiration  is 
completed  (fig.  17).  It  is  possible  to  g^t  a  complete  reversal  of  the  rise 
and  fall  in  pressure  by  varying  the  depth  and  rapidity  of  breathing. 
We  are  in  hearty  agreement  with  Lewis  (4,  p.  254)  when  he  says:  "As 
respiratory  curves  of  blood  pressure  are  of  very  complex  origin,  and 
as  the  different  factors  involved  in  their  production  vary  widely,  it  is 
not  possible,  either  in  man  or  animals,  to  state  what  the  blood-pressure 
response  to  a  particular  respiratory  act  will  be,  imless  the  conditions 
and  nature  of  the  act  are  known.'' 

Cardiorespiratory  interference  waves  qf  Hood  pressure:  When  the  rate 
of  respiration  is  slightly  faster  or  slightly  slower  than  the  heart  rate 
we  may  conceive  of  cardio-respiratory  cycles,  each  cycle  comprising 
several  heart  beats  and  respirations,  in  which  the  number  of  respira- 
tions is  greater  by  one,  or  less  by  one,  than  the  number  of  heart  beats. 
A  cycle  is  completed  when  two  beats  (the  first  and  last)  fall  at  approxi- 
mately the  same  time  in  respiration.  When  the  heart  rate  is  slower 
than  the  respiratory  rate  the  pulsations  of  the  heart  fall  progressively 
later  in  each  respiration  as  they  succeed  each  other.  We  shall  hence- 
forth speak  of  them  as  "advancing"  along  respiration.  When  the 
heart  rate  is  faster  than  the  respiratory  rate  the  beats  fall  progressively 
earlier  in  each  succeeding  respiration,  and  we  shall  henceforth  speak  of 
them,  under  these  circumstances,  as  "retreating"  along  respiration. 

For  the  changes  in  blood  pressure  that  occur  in  cardio-respiratory 
cycles  we  have  already  proposed  the  name  of  cardio-respiratory  inter- 
'^-^nce  waves.    It  is  convenient  to  think  of  each  wave  as  beginning 

d  ending  in  the  pulsation  of  least  amplitude.    The  length  of  the 

ierference  waves  of  blood  pressure  depends  wholly  upon  how  fast  the 

*  For  further  discussion  and  bibliography  on  this  subject  refer  to  de  Jager 
,  Lewis  (4),  Erlanger  and  Festerling  (2)  and  Wiggers  (6),  (7). 
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pulsations  of  the  heart  advance  or  retreat  along  respiration,  it  being 
evident  that  the  faster  the  advance  or  retreat,  the  quicker  the  heart  beats 
will  complete  a  cycle,  and  the  shorter  the  wave  will  be  (see  record  in 


Fig.  6.  Cardio-respiratory  interference  waves  of  the  cat  recorded  with  the 
HOrthle  manometer  connected  with  the  carotid  artery,  showing  a  changing  length 
of  waves  with  a  changing  relative  cardiac  and  respiratory  rate.  The  upper 
tracing  is  the  blood  pressure,  the  middle  is  the  respiration,  and  the  lower  the 
time  record  in  seconds. 


Fig.  7 


Fig.  8 

fig.  6  which  was  taken,  from  the  cat,  the  blood  pressure  being  recorded 
with  the  Htirthle  manometer). 

Cardio-respiratory  interference  waves  may  now  be  analyzed  further 
according  to  whether  they  are  produced  by:  a,  respiration  faster  than 
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the  heart  rate;  6,  respiration  slower  than  the  heart  rate.  For  the 
sake  of  convenience,  diagrammatic  figures  are  used  in  the  descriptions. 
Figure  11a  is  a  diagrammatic  representation  of  a  cardio-respiratory 
interference  wave  of  blood  pressure  where  the  number  of  respirations 
is  one  more  than  the  number  of  heart  beats.  The  heart  beats  are  laid 
off  on  the  respiratory  curve  and  nimibered.  It  is  apparent  that  the 
first  four  beats  fall  upon  the  inspiratory  phases  of  respiration,  while 
the  remainder  fall  upon  the  expiratory  phases.  The  relations  of  the 
blood  pressure  changes  to  respiration  shown  in  figure  11a  may  be  sche- 
matized in  a  simple  form,  shown  in  figure  lib,  to  make  them  more 


Fig.  11a 


Fig.  lib 


Fig.  11a  is  a  diagram  of  a  cardio-respiratory  cycle,  in  which  the  respiration  is 
faster  than  the  heart  rate.  The  pulsations  advance  along  respiration,  and  are 
laid  off  on  the  respiratory  curve.  In  figure  lib  we  have  assembled  all  the  beats 
on  a  single  respiration  in  the  same  relative  positions  that  they  occupy  in  figure 
11a.  Note  that  the  beats  read  from  left  to  right,  which  is  the  direction  of  their 
movement  along  respiration.  The  points  of  lowest  and  highest  pressures  corre- 
spond to  the  beginning  and  end  of  inspiration  respectively. 

comparable  to  the  changes  occurring  in  the  simple  cardio-respiratory 
waves.  Here  we  have  taken  a  single  respiration,  respresented  in  the 
usual  way  (the  downstroke  being  inspiration  and  the  upstroke  expira- 
tion), and  have  transferred  to  it  all  the  heart  beats  in  the  cycle,  placing 
them  in  their  proper  positions  in  inspiration  and  expiration.  Since  the 
heart  rate  is  slower  than  the  respiratory  rate,  the  pulsations  of  the  heart 
advance  in  respiration  in  the  schema  just  as  the  pulsations  advance  in 
respiration  in  the  simple  cardio-respiratory  waves.  Both  respiration  and 
blood  pressure  tracings  are  read  from  left  to  right.  The  relations  thus 
schematized  may  be  interpreted  in  two  ways:  a,  taking  into  considera- 
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tion  the  direction  of  the  movement  of  the  heart  beats  relative  to  the 
respiration  we  may  say  that,  as  the  pulsations  advance  along  inspira- 
tion there  is  a  rise  in  blood  pressure,  as  they  advance  along  expiration 
there  is  a  fall  in  blood  pressure;  b,  in  the  second  interpretation  we  omit 
entirely  all  consideration  of  relative  motion,  and  consider  only  the 
position  of  the  heart  beats  in  the  respiratory  phases.  Note  that  the 
beats  of  least  amplitude  fall  at  the  beginning  of  inspiration,  while 
the  beats  of  greatest  amplitude  fall  at  the  end  of  inspiration. 

Figure  12a  is  a  diagrammatic  representation  of  a  cardio-respiratory 
interferenxse  ^whYe  of  blood  pressure  i^diere  the  number  of  respirations 


Fig.  12a 


Fig.  12b 
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Fig.  12a  is  a  diagram  of  a  cardio-respiratory  cycle,  in  which  the  respiration  is 
slower  than  the  heart  rate.  The  pulsations  retreat  along  respiration,  and  are 
laid  off  on  the  respiratory  curve.  In  figure  12b  all  the  beats  are  assembled  on  a 
single  respiration  in  the  same  relative  positions  in  which  they  fall  in  figure  12a. 
Note  that  the  beats  now  read  from  right  to  left,  which  is  the  direction  of  their 
movement  along  respiration.  The  points  of  lowest  and  highest  pressures  corre- 
spond to  the  beginning  and  end  of  inspiration  respectively. 

is  one  less  than  the  number  of  heart  beats.  The  cardio-respiratory 
relations  of  figure  12a  are  schematically  represented  in  figure  12b. 
dn  we  have  transferred  to  a  single  respiration  all  the  heart 
the  cycle,  placing  them  in  their  proper  position  in  inspiration 
ration.  The  first  five  beats  fall  upon  expiratory  phases  of 
m,  while  the  last  four  fall  upon  inspiratory  phases.  Since  the 
LS  of  the  heart  are  retreating  along,  or  lagging  behind  respira* 
1  falls  at  the  end  and  no.  5  falls  at  the  beginning  of  expira- 
3  blood  pressure  tracing  in  figure  12b  must  be  read  from  right 
The  respiratory  schema  must,  however,  be  read  in  the  usual 
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way.  The  cardio-respiratory  relations  of  figure  12b  may  likewise  be 
interpreted  in  two  ways:  a,  taking  into  consideration  the  direction 
of  the  movement  of  the  heart  beats  relative  to  respiration  we  may  say 
that,  as  the  pulsations  retreat  along  expiration  there  is  a  rise  in  blood 
pressure  (it  should  be  pointed  out,  however,  that  such  a  sequence  of 
respiration  and  heart  beat  cannot  possibly  obtain  in  the  simple  cardio- 
respiratory wave);  6,  in  the  second  interpretation  disregarding  entirely 
consideration  of  relative  motion,  and  considering  only  the  relative 
positions  of  the  heart  beat  and  respiration,  we  note  that  the  beats  of 
least  amplitude  again  fall  at  the  beginning  of  inspiration,  while  the 
beats  of  greatest  amplitude  fall  at  the  end  of  inspiration.  The  waves 
differ  only  when  the  direction  of  the  movement  of  the  heart  beat  on 
the  respiration  is  considered. 

In  figure  17  we  have  summarised  graphically  some  of  the  data 
obtained  from  thirty-six  subjects.  The  interference  waves  are  plotted 
with  reference  to  respiration  according  to  the  manner  already  described. 
The  simple  waves  are  plotted  as  they  occur  in  the  records.  Each  wave 
must  be  referred  to  the  respiratory  curve  at  the  top  of  the  graph.  In 
no  case  is  the  amplitude  of  oscillation  recorded.  We  have  contented 
ourselves  with  recording  the  points  of  lowest  and  highest  pressures, 
the  lines  connecting  these  points  merely  show  that  the  pressure  rises  or 
falls  as  the  case  may  be  in  the  interval.  It  is  evident  that  we  have 
plotted  a  single  wave  only  of  each  type.  We  have,  however,  analyzed 
many  others,  and  have  found  almost  invariably  the  same  cardio-respira- 
tory relations.  We  have  in  our  records  a  few  instances  of  simple  and 
interference  waves  in  which  the  cardio-respiratory  relations  are  the 
reverse  of  what  we  have  depicted,  but  these  were  always  the  exceptions 
even  in  the  records  in  which  they  occurred.  The  numbers  indicate  the 
length  of  the  individual  waves  as  well  as  the  number  of  beats  making  up 
the  rise  or  the  fall  in  pressure.  Observe  that  the  pressure  changes  of 
the  interference  waves  follow  more  closely  the  chajiges  of  respiratory 
phase  than  do  the  simple  waves. 

Some  very  interesting  effects  may  be  obtained  by  having  the  subject 
breathe  slightly  slower,  or  slightly  faster  than  half  the  heart  rate.  Under 
these  circimistances  we  may  get  two  sets  of  cardio-respiratory  waves 
in  progress  simultaneously.  One  set  is  composed  of  the  even-nimibered, 
and  the  other  of  the  odd-numbered  beats.  When  one  wave  of  blood 
pressure  is  at  its  crest  the  other  is  at  its  trough. 

Figure  13a  is  a  diagrammatic  representation  of  a  record  such  as 
figure  7,  in  which  respiration  is  slightly  quicker  than  one-half  the  heart 
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rate.  The  most  obvious  characteristic  of  such  a  record  is  an  apparent 
alternating  beat.  Further  analysis,  however,  shows  that  there  are 
two  sets  of  interference  waves  in  progress  at  the  same  time,  one  being 
composed  of  the  even-numbered,  and  the  other  of  the  odd-numbered 
beats.    Figure  13b  shows  these  waves  plotted  separately  in  their  proper 


Fig.  13a 
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Fig.  13b 


Fig.  13a  is  a  diagram  of  double  cardio-respiratory  interference  waves.  The 
respiratory  rate  is  slightly  faster  than  half  the  heart  rate.  The  pulsations 
advance  along  respiration,  and  are  laid  off  on  the  respiratory  curve.  In  figure 
13b  the  odd  and  even-numbered  beats  respectively  are  assembled  on  single  res- 
pirations in  the  same  relative  positions  that  they  occupy  in  figure  13a.  Note  that 
the  beats  read  from  left  to  right,  which  is  the  direction  of  their  movement  along 
respiration.  The  points  of  highest  and  lowest  pressures  correspond  to  the  begin- 
ning and  end  of  inspiration  respectively.  Each  of  the  double  interference  waves 
is  identical  with  the  type  shown  in  figure  lib. 

relation  to  respiration.  Comparison  of  the  two  waves  shows  that  they 
are  of  the  same  type,  and  that  they  bear  identical  relations  to  respira- 
tion. They  are  furthermore  identical  with  the  type  of  interference 
wave  shown  in  figure  lib. 

Figure  14a  is  a  diagrammatic  representation  of  a  record  such  as  figure 
8,  in  which  respiration  is  slightly  slower  than  one-half  the  heart  rate. 
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The  double  interference  waves  thus  obtained  are  separated  and  shown 
schematically  in  figure  14b  in  their  proper  relation  to  respiration.  Com- 
pare these  waves  with  each  other  and  with  the  interference  wave  repre- 
sented in  figure  12b.    They  will  be  seen  to  have  identical  relations. 

The  cardio-respiratory  interference  waves,  whether  of  the  usual 
(single)  or  alternating  beat  (double)  types,  have  upon  analysis  shown 


Fig.  14a 
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Fig.  14a  is  a  diagram  of  double  cardio-respiratory  interference  waves.  The 
respiratory  rate  is  slightly  slower  than  half  the  heart  rate.  The  pulsations  retreat 
along  respiration,  and  are  laid  off  on  the  respiratory  curve.  In  figure  14b  the  odd 
and  even-numbered  beats  respectively  are  assembled  on  single  respirations  in  the 
same  relative  positions  that  they  occupy  in  figure  14a.  Note  that  the  beats  now 
read  from  right  to  left,  which  is  the  direction  of  their  movement  along  respiration. 
The  points  of  lowest  and  highest  pressures  correspond  to  the  beginning  and  end 
of  inspiration  respectively.  Each  of  the  double  interference  waves  is  identical 
with  the  type  shown  in  figure  12b. 

a  relation  to  both  phases  of  respiration,  but  records  have  been  obtained 
which  show  that  waves  of  blood  pressure  may  be  obtained  that  are 
related  to  either  inspiration  or  to  expiration  alone. 

Figure  15  is  a  diagrammatic  representation  of  a  wave  of  blood  pressure 
that  is  related  to  inspiration  only.    From  the  beginning  of  inspiration 
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the  beats  advance  till  they  reach  the  end  of  inspiration.  At  this  point 
there  is  a  change  in  the  heart  rate  which  causes  them  to  retreat  along 
the  same  respiratory  phase.  Figure  16  shows  a  wave  related  only  to 
expiration.  There  is  first  a  retreat  and  then  an  advance  along  this 
phase.    These  waves  of  blood  pressure  are  equivalent  to  true  inter- 
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Fig.  15  is  a  diagram  of  a  cardio-respiratory  interference  wave  that  is  a  com- 
bination of  the  two  types  of  interference  waves  shown  in  figures  11a  and  12a. 
Note  that  all  the  beats  of  the  wave  fall  on  inspiratory  phases.  From  1-4  the  heart 
rate  is  slower  than  respiration,  while  from  4-8  the  heart  rate  is  faster  than  the 
respiratory  rate.  Consequently  the  heart  beats  first  advance  and  then  retreat 
along  respiration.  The  points  of  lowest  and  highest  pressures  correspond  to  the 
beginning  and  end  of  inspiration  respectively.  In  the  record  shown  in  figure  4 
there  is  a  wave  of  this  type  that  is  made  up  of  beats  20-40. 
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Fig.  16  is  a  diagram  of  a  cardio-respiratory  wave  that  la  a  combination  of  the 
two  types  of  interference  waves  shown  in  figures  11a  and  12a,  but  in  this  case  all 
the  beats  of  the  wave  fall  on  expiratory  phases.  From  1--5  the  heart  rate  is  faster 
than  respiration,  while  from  5-8  the  heart  rate  is  slower  than  the  respiratory  rate. 
Consequently  the  heart  beats  first  retreat  and  then  advance  along  expiration. 
The  points  of  lowest  and  highest  pressures  correspond  to  the  beginning  and  end 
of  inspiration  respectively. 

f erence  waves  in  spite  of  the  fact  that  in  the  cardio-respiratory  cycle 
the  number  of  respirations  is  equal  to  the  number  of  heart  beats.  Each 
half  of  a  wave  of  this  type  has  a  relation  to  respiration  that  conforms  to 
the  conditions  imder  which  interference  waves  were  found  to  occur. 
The  changes  in  the  heart  rate  that  give  rise  to  these  waves  are  obviously 
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opportune,  yet  we  have  noticed  several  cases  in  our  records  where 
they  occur.* 

Up  to  this  point  we  have  dealt  only  with  a  shifting  time  relation 
between  the  pulse  and  the  respiratory  rates  associated  with  changes  in 
blood  pressure,  which  appear  to  be  related  to  respiration.  Figures 
9  Mid  10  show  what  occurs  if  the  respiratory  rate  equals  exactly  a, 
the  heart  rate,  or,  b,  one-half  the  heart  rate.  These  conditions,  difficult 
to  obtain  deliberately,  are  sometimes  reaUaed  fortuitously.  In  figure 
9  the  heart  and  respiratory  rates  are  very  nearly  the  same  from  pulsa- 
tions 5  to  12,  and  consequently  the  heart  beats  fall  in  approximately  the 
same  relative  positions  on  respiration.  As  long  as  this  relation  is 
ntuuntained  there  is  no  change  in  the  amplitude  of  the  pulse  beats. 
Beyond  pulsation  12,  however,  each  successive  beat  falls  earUer  in 
respiration.  The  e£fect  on  the  blood  pressure  is  immediate;  cardio- 
respiratory interference  waves  begin  to  form.  In  figure  10  the  respira- 
tory rate  is  for  the  greater  part  exactly  equal  to  one-half  the  heart 
rate.  Here  we  see  the  same  phenomenon  illustrated,  namely,  that 
beats  which  fall  in  the  same  relative  position  on  different  respirations 
do  not  change  in  amplitude.*  Again  we  find  that  the  beats  of  least 
amplitude  fall  roughly  at  the  beginning  of  inspiration,  while  those  of 
greatest  amplitude  fall  roughly  at  the  beginning  of  expiration. 

Records  such  as  figures  7,  8  and  10,  occurring  in  the  normal  indi- 
vidual, suggest  a  possible  new  explanation  for  some  cases  of  pulsus 
altemans.* 

^  It  is  obvious  that  a  suitable  change  in  the  respiratory  rate  at  the  critical 
moment  would  be  as  effective  in  producing  these  waves  as  a  change  in  the  heart 
rate.  Since  respiration  is  under  voluntary  control,  one  should  be  able  to  secure 
them  at  will  from  a  good  subject. 

*  Figure  10  may  be  interpreted  in  other  ways.  This  record  may  be  considered 
as  an  example  of  the  shortest  possible  interference  waves.  The  cardio-respira- 
tory  cycle  being  made  up  of  one  respiration  to  two  heart  beats  conforms  to  the 
conditions  under  which  we  have  found  these  waves  to  occur  (there  is  an  excess 
of  one  heart  beat  over  the  number  of  respirations  in  the  cycle).  On  the  other 
hand,  since  the  blood  pressure  changes  are  complete  in  the  period  of  a  single 
respiration,  we  might  equally  well  call  figure  10  a  record  of  simple  cardio-respira- 
tory  waves.  Evidently  the  simple  and  interference  types  of  waves  are  merged 
into  one. 

*  As  this  paper  is  completed  for  the  press  our  attention  is  called  to  a  review 
(Joum.  Amer.  Med.  Assoc,  Oct.  22, 1921)  of  a  paper  by  Aguilar  on  "Respiratory 
False  Pulsus  Altemans/'  occurring  in  a  man  suffering  from  bradycardia  of  nodal 
origin.  It  would  be  equally  interesting  to  determine  whether  or*  not  pulsus 
altemans  ot  respiratory  origin  occurs  in  individuals  suffering  from  dyspnea 
associated  with  rapid  respiration. 
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Results  on  the  dog  and  cat.  The  infrequency  of  distinct  cardio- 
respiratory interference  waves  in  the  dog  and  cat,  occurring  as  they  do 
by  accident,  hardly  warranted  a  series  of  experiments  for  their  study 
alone.  We  have,  however,  collected  some  data  in  the  course  of  other 
experiments  which  supplement  the  results  on  man.  In  these  experi- 
ments (two  on  the  dog  and  one  on  the  cat)  respiration  was  reowrfed 
as  in  man:  blood  pressure  in  the  dog  with  the  mercury  manometer, 
in  the  cat  with  the  Hiirthle  manometer.  Cardio-respiratory  inter- 
ference waves  with  the  respiratory  rate  approximately  equal  to  the 
heart  rate,  and  also  to  one-haU  the  heart  rate,  were  obtained.  During 
the  course  of  an  interference  wave  in  the  dog,  the  mean  blood  pressure 
was  highest  when  the  pulse  occurred  at  the  end  of  inspiration,  and 
lowest  when  the  pulse  occurred  at  the  beginning  of  inspiration.  In 
the  cat  both  S3rstoUc  and  diastolic  pressures  showed  the  same  relations 
to  respiration;  systolic  pressure,  however,  showed  the  greatest  fluctua^ 
tions.  Using  pulse  pressure  as  an  index,  cardiac  output  was  greatest 
at  the  end  of  inspiration.  In  one  experiment,  in  which  simple  cardio- 
respiratory waves  were  obtained  as  well  as  interference  waves,  the 
changes  in  blood  pressure  were  similar  to  those  reported  in  man.  There- 
fore, the  data  obtained  in  the  three  experiments  on  the  dog  and  cat 
are  in  agreement  with  the  results  reported  above. 

DISCUSSION 

If  figures  2,  3,  4,  5,  6,  7  and  8  are  compared  it  will  be  evident  that 
all  the  records  show  in  the  main  the  same  thing,  namely,  that  the  pul- 

Fig.  17  is  a  graphic  siimmary  of  a  single  blood  pressure  wave  of  each  type 
obtained  from  the  different  subjects,  the  data  being  complete  for  thirty-two 
individuals. 

Column  1  summarizes  the  data  on  simple  cardio-respiratory  waves  of  blood 
pressure. 

Golimin  2  shows  the  cardio-respiratory  relations  of  the  interference  waves 
where  the  respirations  are  in  excess  over  the  heart  beats  by  one,  that  is,  respira- 
tion is  faster  than  the  heart  rate. 

Column  3  shows  the  respiratory  relations  of  interference  waves  where  the 
heart  beats  are  in  excess  over  the  respirations  by  one,  that  is,  respiration  is 
slower  than  the  heart  rate. 

Corrections  are  marked  for  the  onset  of  auricular  and  ventricular  systole, 
indicating  the  distance  each  wave  of  blood  pressure  must  be  shifted  to  the  left 
to  show  the  relation  of  auricular  and  ventricular  systole  to  the  respiratory  cycle. 
These  corrections  are  obviously  only  approximately  correct,  and  apply  only  to 
the  waves  of  the  interference  type  (columns  2  and  3) .  The  corrections  for  auricu- 
lar and  ventricular  systole  in  the  simple  waves  are  negligible  owing  to  the  greater 
average  duration  of  each  respiration. 
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sations  of  least  amplitude  fall  close  to  the  begiiming  of  inspiration 
(or  end  of  expiration),  while  the  pulsations  of  greatest  amplitude  cor- 
respond more  or  less  closely  to  the  end  of  inspiration  (or  beginning  of 
expiration).  Consequently  the  pressure  rises  as  the  heart  beats  ap- 
proach the  beginning  of  expiration,  irrespective  of  the  direction  of  the 
movement  of  the  pulse  beats  along  respiration.  Similarly  the  pressure 
falls  as  the  heart  beats  approach  the  beginning  of  inspiration,  whether 
the  approach  is  made  from  an  advance  along  the  expiratory  phase  or 
from  a  recession  along  inspiration.  In  other  words,  every  phase  of 
inspiration  and  expiration  has  its  own  quantitative  e£fect  upon  blood 
pressure.  The  double  interference  waves  will  be  easily  understood  if 
these  points  are  kept  in  mind. 

A  comparison  of  our  simple  cardio-respiratory  waves  with  the  inter- 
ference waves  shows  that  the  points  of  lowest  and  highest  pressures 
are  reversed  in  the  two  kinds  of  waves  (see  iSg.  17).  In  the  simple 
waves,  although  the  correspondence  is  in  many  cases  far  from  exact, 
we  have  found  almost  invariably  an  expiratory  rise  and  an  inspiratory 
fall  of  pressure.  Hence  the  point  of  lowest  pressure  corresponds  roughly 
to  the  end  of  inspiration,  and  the  point  of  highest  pressure  to  the  be- 
ginning of  inspiration.  In  the  interference  waves,  on  the  other  hand, 
regardless  of  the  conditions  under  which  |;hey  are  produced,  the  points 
of  lowest  and  highest  pressures  on  the  respiratory  tracing  correspond 
roughly  to  the  beginning  and  end  of  inspiration  respectively.  An 
attempt  to  explain  these  differences  would  involve  us  in  an  analysis 
of  the  nature  and  action  of  the  forces  that  produce  the  simple  waves 
of  blood  pressure.  Since  we  have  made  no  contribution  to  the  sub- 
ject, and  since  there  is  so  little  agreement  in  the  literature,  we  do  not 
feel  justified  in  doing  more  than  compare  their  respiratory  relations, 
as  we  found  them,  with  those  of  the  interference  waves. 

Neither  is  it  within  the  scope  of  this  paper  to  attempt  a  final  explana- 
tion of  the  cause  of  interference  waves,  yet  we  would  like  to  call  atten- 
tion to  some  considerations  that  may  have  a  bearing  on  the  question. 
The  quick  changes  of  blood  pressure  seen  in  the  double  (alternating 
beat)  interference  waves  are  probably  too  rapid  to  be  explained  by 
varying  pulmonary  blood  capacity,  or  changing  pulmonary  resistance; 
and  further,  in  no  t3rpe  of  interference  waves  are  the  respiratory  changes 
in  heart  rate  comparable  to  those  occurring  in  the  simple  waves.^ 

^  One  subject  (S.M.)  did  indeed  give  clear  indications  of  cardiac  variations 
that  appeared  referable  to  respiration.  These  were,  however,  transitory,  and 
many  of  the  waves  showed  no  such  changes.  The  question  is  one  that  needs 
further  investigation. 


Digitized  by 


Google 


GABDIO-BESPIRATORT  INTERFEBENCE  WAVES  517 

For  these  reasons  we  beKeve  the  production  of  interference  waves  to 
be  due  primarily  to  rapid  changes  in  the  movement  of  blood  in  and 
about  the  base  of  the  heart,  resulting  from  changing  intra-thoracic 
pressure.' 

SUMMARY 

The  effects  of  rapid  breathing  were  compared  with  those  of  more 
normal  breathing  upon  the  systoUc  blood  pressure  in  man.  Supple- 
mentary data  were  also  obtained  on  the  dog  and  cat. 

For  the  well-known  changes  of  blood  pressure  that  occur  during  a 
single  respiration,  and  which  are  more  or  less  synchronous  with  the 
changing  respiratory  phases,  we  have  proposed  the  name  of  simple 
cardicHrespiratary  waves  to  distinguish  them  from  those  waves  produced 
by  rapid  breathing. 

The  oscillations  of  pressure  elicited  during  rapid  breathing  by  the 
interference  method  we  have  designated  as  cardio-respiratory  inter- 
ference waves. 

The  most  striking  difference  in  the  respiratory  relations  of  the  simple 
and  interference  waves  is  that  in  the  simple  waves  the  blood  pressure 
changes  are  complete  within  the  period  of  a  single  respiration,  while  in 
the  interference  waves  the  gamut  of  the  blood  pressure  changes  is  run 
through  in  the  interval  of  several  respirations. 

*  We  have  already  called  attention  to  the  fact  that  in  analyzing  our  records 
we  have  made  no  correction  for  the  time  necessary  for  the  transmission  of  the 
pulse  to  the  cuff.  Neither  have  we  made  correction  for  the  beginning  of  ventricu- 
lar or  auricular  systole,  but  have  determined  the  position  of  the  heart  beats  with 
reference  to  the  appearance  of  the  pulse  at  the  cuff  to  make  the  results  comparable 
with  those  reported  in  simple  cardio-respiratory  waves.  These  results  are 
summarized  in  figure  17.  We  have  added  two  corrections  to  this  figure,  showing 
the  moment  of  onset  of  ventricular  and  auricular  systole  in  the  respiratory  cycle 
corresponding  to  the  pressures  which  are  plotted.  For  example,  to  determine 
the  relation  of  the  onset  of  ventricular  systole  associated  with  the  highest  pressure 
to  respiration,  the  blood  pressure  wave  should  be  shifted  to  the  left,  the  desig- 
nated distance  equivalent  to  0.06  second.  To  determine  the  same  relation  for  the 
onset  of  auricular  systole,  the  curve  should  be  shifted  in  the  same  direction,  the 
designated  distance  corresponding  to  0.16  second.  In  making  these  corrections 
the  points  of  high  and  low  pressures  will  now  be  foimd  to  anticipate  the  respira- 
tory changes  of  phase.  If  we  accept  the  common  view  that  an  increase  in  the 
negative  pressure  of  the  thorax  favors  venous  filling  by  its  aspiratory  action,  we 
might  expect  the  points  of  highest  pressure  to  correspond  with  the  onset  of  auricu- 
lar systole  and  the  end  of  inspiration.  But  we  cannot  say  with  certainty  just 
how  changing  intra-thoracic  pressure  acts.  The  difference  in  thickness  of  the  left 
auricle  and  the  left  ventricle  might,  for  example,  hinder  the  flow  of  blood  from  the 
auricles  to  the  ventricles  during  auricular  diastole  when  inspiration  is  in  progress. 
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The  production  of  interference  waves  of  blood  pressure  is  dependent 
upon  the  establishment  of  cardio-respiratory  cycles,  in  which  the  num- 
ber of  respirations  is  greater  by  one  or  less  by  one  than  the  number  of 
heart  beats  making  up  the  waves  and  occurring  in  the  same  time  interval. 

When  these  conditions  are  fulfilled  we  may  conceive  of  the  heart 
beats  as  moving  through  respiration,  the  direction  of  the  movement 
being  determined  by  the  relative  rates  of  the  heart  and  respiration;  that 
is,  whether  the  respiratory  rate  is  slower  or  faster  than  the  heart  rate. 
A  cardio-respiratory  cycle  is  complete  when  two  beats  (the  first  and 
last  of  the  interference  wave)  fall  at  approximately  the  same  time  in 
respiration. 

We  have  found  that,  whereas  in  the  cardio-respiratory  interference 
waves  the  highest  and  lowest  pressures  were  associated  approximately 
with  the  beginning  of  expiration  and  of  inspiration  respectively,  in  the 
simple  respiratory  waves  these  relations  were  reversed;  that  is,  the  points 
of  highest  and  lowest  pressures  correspond  roughly  to  the  beginning 
of  inspiration  and  of  expiration  respectively. 

Without  definitely  assigning  the  responsibility  for  the  production  of 
interference  waves  to  any  particular  respiratory  factor,  we  are  inclined 
to  favor  the  hypothesis  that  they  are  primarily  due  to  the  changing 
intra-thoracic  pressure  accompanying  respiration. 

It  is  possible,  by  breathing  slightly  slower  or  slightly  faster  than 
half  the  heart  rate,  to  produce  double  interference  waves  of  blood  pres- 
sure; that  is,  under  these  conditions,  two  waves  of  blood  pressure  may 
be  in  progress  simultaneously.  Each  of  the  double  waves  is  formed  by 
alternate  heart  beats,  one  being  made  up  of  the  even-numbered  and  the 
other  of  the  odd-numbered  beats.  Double  cardio-respiratory  inter- 
ference waves  are  to  be  explained  in  the  same  manner  as  the  single  waves. 

Supplementary  data  obtained  from  experiments  on  the  dog  and  cat 
are  in  agreement  with  those  obtained  in  man. 

Cardio-respiratory  interference  waves  particularly  of  the  double 
type  with  alternating  beats  occur  spontaneously  in  sacrifice  experi- 
ments in  dogs  and  cats.  We,  therefore,  point  to  our  work  as  occasion- 
ally explaining  pulsus  altemans  and  blood  pressure  waves  of  the  third 
order  occurring  in  man. 
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Immediately  after  the  publication  of  an  article  (1)  in  which  the  author 
reported  that  the  resting  nerve  respires  and  that  this  respiration  in- 
creases during  the  passage  of  the  impulse,  he  made  some  attempts  to 
devise  a  quick  and  easy  method  practicable  for  ordinary  class  experi- 
ments to  demonstrate  this  increased  metabolism  during  the  stimula- 
tion. On  account  of  the  necessity  of  an  elaborate  device  to  make  air 
free  from  CO2,  the  principle  used  in  his  original  apparatus  could  not  be 
used.  Since  we  know  today  more  about  the  proper  use  of  indicators 
than  in  early  days,  when  physiologists  used  them  for  detection  of  CO2 
in  metabolism  experiments  on  nerves  without  any  degree  of  success, 
and  since  we  know  the  exact  amounts  of  CO2  produced  in  the  nerve 
under  various  conditions,  the  indicator  method  was  next  tried.  We 
immersed  the  nerve  in  Ringer's  solution,  saturated  with  phenolphtha- 
lein  and  containing  enough  alkali  to  give  a  slight  pink  color  but  not 
enough  to  affect  appreciably  nervous  activity.  Although  this  method 
was  good  enough  to  show  that  the  resting  nerve  gives  off  an  acid  (CO2), 
yet  it  would  not  show  a  decided  difference  in  rates  of  decolorization 
in  tubes  containing  resting  and  stimulated  nerves. 

This  failure  of  detection  of  an  increased  carbon  dioxide  by  the  stimu- 
lated nerve  meant  one  of  two  things.  Either  the  Ba(0H)2  method  the 
author  previously  used  was  wrong  and  the  stimulated  nerve  does  not 
give  any  more  CO2  than  the  resting,  or  the  increased  CO2  production  is 
masked  when  an  indicator  method  was  used.  Because  of  several 
hundred  repetitions  with  the  same  results  of  his  original  method, 
demonstrated  to  many  and  confirmed  by  all  of  his  students  who  learned 
the  proper  use  of  his  apparatus,  this  apparent  failure  with  the  indicator 

*  Preliminary  report  of  this  work  was  given  before  the  Chicago  Meeting  of  the 
American  Physiological  Society,  1920,  and  its  abstract  appeared  in  this  Journal, 
1921,  Iv,  282. 
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method  was  not  taken  by  him  as  conclusive  evidence  against  his  original 
contention  but  was  considered  to  be  due  to  some  difficulty  with  the 
indicator  method. 

With  an  assimxption,  therefore,  that  his  original  method  of  estimating 
CO2  is  accurate  and  that  CO2  production  does  increase  in  the  nerve 
during  excitation,  we  proceeded  to  inquire  what  could  be  the  interfering 
factors  if  the  indicator  method  was  used. 

There  are  two  obvious  conditions  which  might  mask  the  increase  of 
acidity  due  to  production  of  more  CO2 — one  is  the  simultaneous  produc- 
tion of  any  base-forming  compounds;  the  other  is  the  presence  of  buflfers 
in  the  tissue  itself  or  its  production  in  or  diffusion  out  of  the  tissue. 

During  preliminary  experiments,  the  author  discovered  that  when 
two  nerves  of  equal  weight  were  placed  in  chamber  A  and  B  of  his 
COj  apparatus  and  hemispheres  of  Nessler's  solution  were  introduced 
instead  of  Ba(0H)2,  the  Nessler  drop  in  the  chamber  in  which  the 
stimulated  nerve  is  placed  gave  a  brownish  precipitate  much  quicker 
than  that  of  the  resting  nerve.  This  suggested  the  possibility  of 
more  NHj  formation  in  the  stimulated  nerve,  but  it  was  not  necessarily 
NBU  since  CO2  is  known  to  give  a  precipitate  with  Nessler.  To  scruti- 
nize this  difficulty,  drops  of  NaOH  solution  were  placed  in  both  chambers 
for  the  purpose  of  eliminating  any  CO2  which  we  knew  to  be  produced. 
The  same  result  could  be  obtained  as  before,  showing  that  the  precipi- 
tate was  not  due  to  CO2,  but  it  was  impossible  to  use  this  method  for 
estimating  quantities.  The  first  difficulty  was  in  producing  a  per- 
fectly clear  Nessler  drop  which  is  the  essential  requirement  for  quantita- 
tive determinations  in  the  biometer.  The  second  difficulty  was  that 
the  stopcock  caused  a  great  deal  of  trouble  on  account  of  its  strong 
alkali.  The  substitution  of  a  pinchcock  for  the  stopcock  caused  a 
further  difficulty  in  that  it  was  impossible  to  place  a  stationary  hemi- 
spherical drop  of  Nessler's  reagent  on  the  top  of  the  tube. 

In  spite  of  these  difficulties  and  the  lack  of  quantitative  data,  how- 
ever, the  conclusion  was  warranted  that  there  is  at  least  one  other 
volatile  compound  produced  besides  CO2.  Consequently  the  method 
of  immersing  an  isolated  nerve  directly  into  a  solution  to  estimate  CO2 
by  measuring  the  rate  of  change  of  the  hydrogen  ion  concentration 
might  cause  a  very  serious  error,  unles  we  can  ascertain  that  not  only 
the  other  gas  has  no  influence  upon  H+  produced  by  CO2,  but  also 
that  there  are  no  other  compounds  diffusing  in  or  out  of  the  tissue  in  the 
solution  which  effects  the  reaction  of  the  mediimx. 
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In  view  of  this  experience  and  considering  the  easy  availability  of 
standard  indicator  tubes  now  on  the  market  for  determination  of  the 
H+  concentration,  the  author  expected  some  one  to  report  similar 
results,  namely,  that  the  increased  metabolism  accompanying  stimula- 
tion cannot  be  detected  by  a  direct  indicator  method.  It  is  not  sur- 
prising, therefore,  to  see  an  article  (2)  by  A.  R.  Moore  of  Rutgers 
College  in  which  such  a  negative  result  is  reported;  and  to  him  all  the 
credit  for  this  rediscovery  of  the  negative  result  obtained  by  very  early 
workers  should  be  given.  It  is,  however,  surprising  indeed  to  see  him 
dismiss  this  problem  by  saying  that  ^'  The  nerve  impidse  does  not  depend 
upon  processes  leading  to  the  production  of  carbon  dioxideJ' 

The  present  conmumication  is,  however,  not  to  show  whether  or  not 
an  indicator  method  should  be  used  for  estimation  of  CO2  in  the  nerve 
fiber,  nor  to  consider  all  factors  which  are  sufficient  to  explain  why 
contradictory  results  were  obtained  with  the  indicator  and  our  original 
COs  methods  (3).  It  is,  first,  to  prove  that  the  nerve  fiber  gives  ofif  a 
basic  substance  simultaneously  with  an  increased  production  of  carbon 
dioxide  and  that  this  substance  is  most  probably  ammonia;  and  second, 
to  consider  the  relationship  between  irritability  and  ammonia  formation 
in  the  nerve  under  various  conditions. 

Experimental:    Part  1.    Preliminary  cofhsideration.    If  the  sciatic 

nerve  of  a  frog  is  placed  in  Ringer's  solution,  made  slightly  alkaline 

and  colored  with  any  weak  acid  indicator  like  phenolphthalein,  sooner 

or  later  the  fluid  gives  an  acid  reaction.    If,  therefore,  we  assume  that 

the  failure  to  detect  the  increase  of  COt  during  the  stimulation  is  due 

entirely  to  ammonia  alone,  we  should  expect  that  the  maximum  amount 

of  ammonia  production  cannot  be  greater  than  that  necessary  to 

neutralize  8.7  X  10~^  grams  of  COj  for  10  mgm.  of  the  nerve  during 

10  minutes  of  respiration  using  phenolphthalein  as  an  indicator,  since 

for  the  same  units,  a  resting  nerve  gives  ofif  5;5  X  10~^  grams  and  an 

activated  nerve  14.2  X  10"^  grams  COj  at  ordinary  room  temperture, 

provided  of  course  our  previous  estimation  of  CO2  is  correct. 

Theoretically,  34  grams  of  NHs  should  neutralize  44  grams  of  CO2, 

34 
and  8.7  X  10"^  grams  X  77  =  ^.7  X  lO"^  grams  of  NHs  should  be 

required  to  completely  neutralize  just  the  amount  of  increased  COs 
produced  during  excitation.  However,  since  NH4OH  is  more  highly 
ionized  than  HsCOa,  the  probability  is  that  far  less  an  amount  of  NHs 
than  6.7  X  10"^  grams  will  be  able  to  maintain  a  definite  level  of  H+ 
concentration  in  presence  of  8.7  X  10""^  grams  of  CO2,  which  is  the 
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amount  increased  in  10  minutes  by  10  mgm.  of  the  stimulated  sciatic 
nerve  of  a  frog,  under  ordinary  conditions. 

How  far  this  hydrolysis  of  (NH4)2C08  will  aflfect  the  turning  point  of 
the  indicator  will  depend  not  only  on  the  concentration  of  (NH4)2CO», 
and  kind  of  indicators  and  the  amount  of  free  CO2  present,  but  also  upon 
the  presence  of  other  salts  as  well  as  on  temperature.  Since  available 
data  on  these  points  are  almost  inapplicable  to  the  condition  imder 
which  we  are  working,  the  exact  relationship  between  NHs  and  C0« 
in  respect  to  maintenance  of  certain  H+  concentration  in  dilution 
approximately  that  of  our  problem  is  under  separate  investigation, 
the  results  of  which  will  be  published  elsewhere  in  conjunction  with 
Mr.  L.  S.  Friedman. 

The  point  of  the  foregoing  consideration  is,  however,  to  show  that  the 
amount  of  NH3  produced  under  the  conditions  stated  might  be  far 
less  than  6.7  X  10"^  grams  and  that  any  method  for  detection  of  the 
gas  must  necessarily  be  exceedingly  delicate. 

Part  2.  Qualitative  experiments.  In  the  following  experiments  we 
shall  see  whether  or  not  the  living  nerve  gives  ofif  something  else  besides 
CO2,  and  if  so,  we  shall  attempt  to  identify  the  nature  of  this  com- 
pound. In  these  cases,  we  used  more  than  100  mgm.  of  fresh  sciatic 
nerves  of  the  frog,  and  let  them  respire  more  than  15  minutes. 

a.  Does  the  resting  nerve  give  off  something  else  than  CO2  when  immersed 
in  Ringer's  solution? 

Experiment  1.    Tube  i:  3  cc.  Ringer  +  nerves;  tube  ii:  3  cc.  Ringer. 

When  tubes  i  and  ii  are  Nesslerized  after  a  definite  time  of  respiration, 
tube  i  will  show  a  more  intense  yellowish  color  than  ii.  This  suggests 
a  possibility  of  NH3  formation  but  not  necessarily,  since  it  is  known  that 
CO2  and  other  compounds  by  virtues  of  forming  precipitates  or  similar 
colors,  might  produce  different  colorations. 

The  following  experiments  may  eliminate  CO2  factor. 

Experiment  2.    Tube  i:  3  cc.  Ringer  +  nerve;  ii:  3  cc.  Ringer. 

At  the  end  of  respiration,  1  cc.  of  N/800  H2SO4  is  added  to  each  tube 
and  placed  in  boiling  water  for  5  minutes.  The  obvious  reason  of  this 
treatment  is  of  course  to  boil  off  CO2  without  losing  NH3  if  present. 

Since  under  this  condition  tube  i  is  still  more  intensely  colored  after 
Nesslerization  than  the  control,  it  is  certain  that  the  living  nerve  when 
immcreed  in  Ringer's  Solution,  gives  ofif  something  besides  CO2. 

6.  Is  it  ammonia?  The  experiments  cited  above  do  not  rule  out  the 
possibility  that  the  sUght  amount  of  neutral  ammoniimx  salt  might  have 
diffused  out  of  the  nerve  or  that  some  compound  other  than  NHj 
might  be  diffused  or  produced  from  it. 
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1.  If  it  is  ammonia,  it  should  be  volatile;  we  ought  to  be  able  to 
absorb  it  out  of  the  air  by  acid. 

Experiment  3.  Tube  i:  1  cc.  of  N/800  H2SO4  +  nerve  (hanging 
without  touching  the  solution);  tube  ii:  1  cc.  of  N/800  H2SO4. 

At  the  end  of  respiration,  the  tubes  are  shaken  without  moistening  the 
nerve  and  the  tissue  removed,  and  both  of  the  tubes  are  immersed  in 
boiling  water  for  6  minutes.  To  the  bottom  of  cooled  solutions,  1  cc. 
of  Graves'  reagent*  is  carefully  introduced.  Graves'  reagent  gives  a 
white  precipitate  with  ammonia.  Tube  i  gives  a  faint  white  cloud  at 
the  junction  of  the  2  fluids.  Tube  ii  gives  no  precipitate.  The  ring 
test  thus  performed  shows  conclusively  that  the  compound  is  volatile 
and  gives  an  insoluble  complex  salt  with  NaHgCU  in  alkaline  solution, 
exactly  in  the  same  manner  as  do  NH4  salts. 

2.  If  this  is  ammonia,  it  should  not  only  be  volatile,  but  also  should 
form  a  base.  The  base-forming  property  of  this  compound  can  easliy 
be  demonstrated  by  the  following  experiments. 

Experiment  4.  Tube  i:  1  cc.  Indicator*  +  unstimulated  nerve;  ii: 
1  cc.  Indicator. 

The  tubes  are  corked  and  allowed  to  stand. 

At  the  end  of  respiration  these  tubes  are  shaken  and  the  tissue  is 
removed.  The  tubes  are  then  immersed  open  in  boiling  water  for 
6  minutes.  If  at  the  end  of  the  boiling  there  is  not  a  detectable  differ- 
ence in  the  color,  then  to  each  tube  add  alternately  drop  by  drop  of 
distilled  H2O  kept  in  ordinary  glass  to  each  tube.  In  the  course  of 
adding  this  exceedingly  weak  alkaline  solution,  it  will  be  noted  that 
tube  i  which  has  had  the  nerve  will  decolorize  first,  then  ii.  Since  this 
indicator  will  lose  its  pink  color  when  H"*"  concentration  reaches  pH  =  5 
to  6,  it  is  evident  that  as  less  alkali  needs  to  be  added  to  tube  i  this 
compound  given  off  by  the  nerve  has  a  base  forming  property. 

c.  Does  the  activated  nerv^  give  off  this  compound  more  than  the  resting? 
In  similar  experiments  as  described  above  but  by  substituting  for  the 
control  the  tube  containing  a  stimulated  nerve,  it  can  be  demonstrated 
that  the  nerve  when  stimulated  gives  off  more  of  this  compound  than 
the  resting. 

d.  Is  this  an  amine  or  ammonia?  1.  The  fact  that  this  compound  is 
volatile  and  forms  a  yellow  complex  salt  with  Nessler's  reagent  and  a 
white  precipitate  with  NaHgCIj  (Graves'  reagent),  strongly  suggests 
that  it  is  NHs  gas,  but  does  not  absolutely  rule  out  the  possibility  of 

>  See  page  525. 
•  See  page  528. 
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its  being  one  of  the  volatile  amines.  There  are  theoretically  many  ways 
by  which  we  may  be  able  to  differentiate  amines  from  NHs,  yet  we  have 
not  succeeded  in  applying  them  satisfactorily  to  such  a  small  concentra- 
tion as  that  with  which  we  are  dealing.  If,  however,  the  quantitative 
data  obtained  by  two  methods  based  on  entirely  different  chemical 
properties  of  the  substance,  agree  within  experimental  errors,  then  the 
identity  of  this  compound  can  easily  be  ascertained. 

Thus  by  estimating  basicity  produced  by  this  compoimd,  we  may 
calculate  it  on  the  basis  of  NHs,  and  compare  the  results  with  those 
obtained  by  Nessler  or  Graves'  methods  using  standard  anunonium 
salt.  If  such  results  do  not  agree  with  each  other,  we  may  calculate  the 
basicity  on  the  basis  of  all  volatile  amines,  and  compare  the  results 
obtained  from  the  other  method  using  standard  solution  of  various 
alkyl  anunoniimx  salts. 

Considering  the  difficulty  and  large  sources  of  error  obtained  by 
turbidity  experiments  with  exceedingly  minute  amount  of  this  sub- 
stance, the  results  obtained  by  these  two  methods  are  satisfactorily 
concordant  to  show  that  it  is  anmionia.     (See  page  523.) 

On  the  basis  of  this  evidence,  we  shall  from  now  on  call  this  compound 
ammonia  until  we  shall  have  evidence  to  the  contrary. 

Part  S.  Quantitative  methods.^  The  two  well-known  properties  of 
NHs,  used  in  ordinary  methods,  can  be  applied  for  measurement  of 
exceedingly  minute  quantities.  With  slight  modification  and  a  great 
deal  of  care,  one  can  detect  an  amount  of  NHs  gas  as  small  as  0.000,000,1 
gram  either  by  means  of  converting  it  to  a  complex  salt  with  Hg. 
(Nessler  or  Graves'),  or  by  measuring  the  amount  of  base  formed  by 
the  gas.  Since,  however,  the  presence  of  COi  will  interfere  with  all  the 
methods  based  on  these  properties  (the  basicity  in  the  greatest  degree), 
it  is  absolutely  necessary  to  have  a  device  to  eliminate  COs.  It  is 
equally  essential  to  avoid  a  direct  contact  between  the  tissue  and 
liquid  in  which  NHs  is  to  be  estimated,  on  account  of  possible  diffusion 
of  neutral  NH4  salts  or  other  nitrogenous  extractives  that  would  react 
with  direct  Nesslerization  or  Graves'  reagents,  and  on  account  of  the 
possible  presence  of  buffers  either  diffused  out  of  the  tissue  or  present 
in  the  tissue  itself  that  would  mask  the  true  basicity  attributed  to 
ammonia  alone.  The  amount  of  NHs  gas  actually  given  off  by  the 
nerve  can  only  be  estimated  by  suspending  the  tissue  over  a  very  small 
amount  of  dilute  acid,  the  concentration  of  which  should  be  kept  con- 

*  For  checking  up  the  method  as  well  as  certain  experiments,  the  author  ifl 
greatly  indebted  to  Miss  Olive  Pearl  Lee  and  Dr.  H.  Sugata. 
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slant  not  only  for  all  the  nerves  and  controls,  but  also  for  the  standard 
in  each  set  of  experiments. 

A.  Ring  test  with  Graves'  reagent.  A  new  precipitant  for  ammonia 
recommended  by  Graves*  is  just  as  sensitive  as  that  of  Nessler.  When 
used  as  a  ring  test,  moreover,  we  found  that  as  smaU  as  1  X  10"^  grams 
N  in  form  of  NHs  can  be  easily  detected.  This  formation  of  a  ring 
depends,  however,  upon  two  factors,  i.e.,  concentration  of  the  acid  and 
of  NH4.  For  example  in  N/400  H2SO4,  2.5  X  10"^  grams  N  per  cc. 
is  barely  detectable,  while  in  N/800  H2SO4, 1  X  10~^  grams  N  will  form 
a  white  ring  within  3  to  4  minutes. 

By  varjring  acidity,  therefore,  over  which  the  nerve  is  to  respire, 
and  by  determining  how  much  NH4  is  necessary  to  form  a  ring  in  the 
acidity  in  which  a  positive  ring  was  formed,  and  over  which  nerve  was 
suspended,  we  can  estimate  how  much  NHs  is  produced  from  the  given 
nerve  during  a  given  period  of  respiration. 

There  are  two  main  difficulties  with  this  method.  First,  it  is  ex- 
ceedingly difficult  to  determine  the  absolute  point  at  which  ring  forma- 
tion occurs,  the  speed  of  which  depends  not  only  on  the  concentration 
of  NHs,  acidity,  but  also  temperature.  Second,  it  involves  maintenance 
of  a  series  of  standard  acids  whose  blank  ammonium  contents  must  be 
kept  constant.  If  this  varies,  there  is  no  way  of  correcting  an  error 
without  performing  a  series  of  elaborate  quantitative  estimations  with 
the  different  ammonium  standards  in  different  concentrations  of  the 
acids.  Although  this  latter  difficulty  can  be  eliminated  to  a  great 
degree  by  making  up  for  each  experiment  a  series  of  standards  of  the 
ammonia  in  the  same  acidities  which  are  used  for  absorption  of  NHs 
from  the  nerve,  yet  the  amount  of  acidity  reduced  by  the  NHs  has  not 
been  reckoned  with  the  standard. 

In  addition  to  this,  any  quantitative  method  based  on  such  a  forma- 
tion of  a  barely  visible  ring  is  impossible  to  make  free  from  a  personal 
factor.  But  for  a  quick  qualitative-quantitative  test  to  determine 
which  gives  more  NHj,  this  ring  test  with  Graves'  reagent  is  very 
convenient  and  reliable. 

B.  Nephelometer  method.  This  is  essentially  Graves'  method. 
Since,  however,  the  amount  of  NHs  is  so  small  a  minor  modification  is 
necessary.    In  this,  the  use  of  starch  is  omitted  on  accoimt  of  the 

>  Graves'  reagent  is  made  up  as  follows:  To  80  grams  of  NaCl,  are  added  130 
cc.  HiO  and  100  cc.  of  cold  sat.  HgClt  solution  with  shaking.  When  the  salt  is 
practically  all  dissolved,  70  cc.  of  sat.  LitCOi  are  added  slowly  while  shaking,  so 
that  no  mercury  oxide  forms  on  the  side  of  the  flask. 

VHB  AMUUCAN  JOUBNAL  OF  PHTBXOLOGT,  VOL.  60,  NO.  S 
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fact  that  the  precipitate  is  so  little  as  to  maintain  almost  permanent 
turbidity  without  the  use  of  any  protective  colloid.  In  order  to  keep 
the  turbidity  at  the  possible  maximum,  the  dilution  with  NH«-free 
HjO  is  omitted.  Ordinarily,  for  each  cubic  centimeter  of  N/800 
H2SO4  over  which  the  nerve  is  suspended,  10  cc.  of  Graves'  reagent  are 
added  and  the  resulting  turbidity  is  matched  against  the  stand- 
ard which  contains  10  cc.  of  the  reagent  and  1  cc.  of  the  standard 
(NH4)2S04  made  up  in  N/800  H2SO4. 

Although  this  method  should  be  theoretically  far  superior  to  that  of 
the  ring  test,  the  accurate  matching  of  this  exceedingly  small  turbidity 
is  exceedingly  difficult  with  the  best  nephelometer  on  the  market  even 
to  the  best  and  most  experienced  person.  Any  effort  to  increase  the 
amount  of  turbidity  by  using  a  larger  number  of  the  isolated  nerves 
is  apt  to  introduce  very  serious  physiological  errors. 

In  addition  to  these,  the  method  is  so  tedious  on  account  of  necessity 
of  having  perfectly  clean  and  dry  tubes  ready,  that  it  is  impossible  to 
run  the  quantitative  estimations  more  than  two  dozen  a  day  without 
having  two  or  three  dozens  of  nephelometer  tubes  that  are  imiform  in 
all  regards.  Expense  has  precluded  obtaining  any  such  number. 
Unless  for  the  purpose  of  identifying  NHs  by  checking  the  result  with 
the  titration  method,  we  have  discarded  the  use  of  this  method  for  a 
routine  determination  of  NHj. 

C  Titration  method:  1.  Principle,  By  far  the  most  satisfactory 
method,  we  found,  is  a  titration  method.  The  method  itself  has  no 
claim  of  originality.  The  nerve  is  suspended  over  a  definite  quantity 
of  an  acid  which  contains  a  proper  indicator.  At  the  end  of  the  respira- 
tion, CO2  is  driven  off  by  immersing  in  boiling  water  6  minutes,  and  the 
remaining  acidity  is  titrated  drop  by  drop  with  an  alkali. 

In  spite  of  simplicity  of  the  principle,  however,  there  are  many 
necessary  details  and  precautions,  without  which  the  method  is  not 
dependable. 

2,  Apparatus.  No  special  apparatus  is  necessary  except  that  all, 
unless  otherwise  stated,  should  be  made  of  Pyrex  glass.  Respiration 
and  titration  are  performed  in  ordinary  6  inch  Pyrex  test  tubes.  One 
of  the  greatest  sources  of  error  and  difficulty  will  be  with  these  test 
tubes.  For  a  successful  experiment,  it  is  convenient  to  have  over  100 
of  the  Pyrex  test  tubes  and  have  them  ready  according  to  the  following 
procedures: 

These  tubes  are  boiled  in  about  10  per  cent  HjS04  for  one  hour  and 
washed  thoroughly  with  ordinary  distilled  water  several  times.    Finally 
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these  are  again  rinsed  at  least  twice  in  ordinary  distilled  water,  filling 
the  tube  to  the  top  in  each  rinsing.  These  are  then  boiled  in  ordinary 
distilled  water  for  one  hour  twice,  and  finally  boiled  in  NHa-silicate 
free*  H2O  for  one  hour. 

After  being  heated  in  a  hot  oven  for  2  hours,  the  tubes  are  directly 
transferred  in  a  con.  H2SO4  desiccator.  The  tubes  thus  prepared 
should  be  tested  for  their  cleanness  in  the  following  way. 

When  a  solution  of  phenolphthalein  made  alkaline  so  that  it  is  just 
perceptibly  pink  is  added  to  the  tube,  it  should  not  be  decolorized  in  the 
cold.  The  faint  pink  color  of  methylene  blue-methyl  red  (see  p.  528) 
should  stay  permanent  in  the  test  tube  without  heating.  When  1  cc. 
of  the  same  indicator-^cid  solution  is  heated  in  this  tube  for  6  minutes 
in  boiling  water,  the  pink  color  should  not  be  intensified.  On  the  other 
hand,  if  this  color  changes  to  deep  yellow  the  tube  should  be  discarded. 

All  the  tubes  which  stood  a  successful  test  were  rinsed  with  redistilled 
H2O  and  boiled  again  in  redistilled  H2O  once,  and  finally  boiled  in  water 
free  from  ammonia  and  silicate  for  one  hour.  After  being  heated  in  a 
hot  oven  for  2  hours,  they  are  directly  transferred  in  a  con.  H2SO4 
desiccator,  ready  for  the  experiment. 

The  tubes  once  used  successfully  for  ordinary  respiratory  experiment 
should  be  subjected  to  similar  cleaning  as  described  in  the  last  paragraph, 
i.e.,  they  need  not  be  boiled  again  in  the  strong  acid. 

In  spite  of  all  these  precautions,  one  often  finds  a  tube  which  is 
contaminated  with  alkali  or  acid.  In  the  course  of  the  experiment, 
one  may  also  desire  to  add  an  excess,  of  alkali  or  acid  for  various  reasons 
to  a  tube.  Such  tubes  should  be  set  aside,  separate  from  the  regular 
tubes,  and  be  subjected  to  more  careful  washings  than  the  tubes  which 
are  used  for  routine  quantitative  experiments. 

3.  Solutions:  a.  Water  free  from  NHz  and  siliccUe.  Ordinary  method 
of  preparation  of  NHa-free-HjO  is  employed  in  preparing  this  water, 
care  being  taken,  however,  to  use  Pyrex  glass  in  every  part  of  the  dis- 
tillation apparatus  where  water  or  its  vapor  comes  in  contact  with  it. 
Thus  it  is  recommended  to  use  Pyrex  distilling  flask,  a  condenser 
whose  inside  tube  is  made  of  Pyrex,  and  receptor  and  adapter,  all 
made  of  the  same  material.  This  NH3-free-H20  freed  as  much  as 
possible  from  silicate  is  kept  in  a  Pyrex  bottle  or  flask  tightly  stoppered 
with  paraffined  cork. 

*  See  last  paragraph,  this  page. 
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b.  Indicators:  1.  Methylene  blue  solution,  0.5  gram  of  methylene 
blue,  special,^  is  dissolved  in  200  ec.  NHa-silicate-free  H2O.  A  0.025 
per  cent  solution  is  made  from  this  stock  solution  by  diluting  10  cc. 
to  100  cc.  with  NHs-free  HjO. 

2.  Methyl  red.  Methyl  red,  special,  recrystallized  from  alcohol, 
is  saturated  in  50  per  cent  of  redistilled  alcohol  at  room  temperature. 

3.  To  make  methylene  blue-methyl  red  (MB-MR)  indicator.  For 
1  cc.  of  0.025  per  cent  of  methylene  blue,  add  10  cc.  of  methyl  red 
solution. 

4.  Ordinary  alcoholic  solution  of  phenolphthalein. 

c.  Standard  solutions:  1.  N/20  H»S04  solution,  made  up  from  a 
standard  acid  by  diluting  with  NHa-free  H2O,  is  kept  in  several  small 
bottles  well  protected  from  the  air. 

2.  Standard  alkaline  solution.  The  error  of  the  experiment  will 
depend  a  great  deal  upon  the  concentration  of  the  standard  alkali 
solution.  If  it  is  too  low,  the  end  point  will  not  be  sharp.  If  it  is  too 
high,  the  NHs  can  not  be  detected.  Any  alkaline  solution  which 
contains  available  alkalinity  of  N/10,000  or  about,  is  satisfactory,  that 
is  when  0.1  cc.  N/20  H2SO4  +  1.2  cc.  MR^MB  is  made  up  by  this 
solution  to  100  cc,  the  pink  color  should  disappear  when  immersed 
in  boiling  water  for  6  minutes.  If  such  alkali  solution  is  completely 
ionized,  H+  should  correspond  to  between  pH  8-9,  just  the  turning 
point  of  phenolphthalein,  and  of  coimse  way  up  on  the  alkali  side  of 
MB-MR.  When,  however,  such  a  solution  contains  a  trace  of  silicates, 
even  if  it  is  decidedly  acid  to  phenolphthalein,  the  solution  will  often 
be  too  strongly  alkaline  for  our  purpose.  Therefore  as  long  as  we  are 
not  sure  of  absence  of  silicate  in  the  water,  the  ideal  method  of  prepa- 
ration of  this  solution  on  the  basis  of  free  H+  concentration  alone  as 
determined  by  indicators  will  not  be  safe  unless  it  is  checked  by  a  titra- 
tion in  a  manner  described  below. 

The  method  by  which  one  can  prepare  the  satisfactory  concentration 
of  alkaUne  water  is  as  follows.  Several  liters  of  NHj-silicate-free  HjO 
is  poured  into  a  large  Pyrex  flask  and  a  few  drops  of  phenolphthalein 
solution  added.    After  addition  of  each  drop  of  N/20  NaOH,   the 

^  Presence  of  proper  amount  of  methylene  blue  is  very  important  for  detecting 
the  end  point.  Since  we  all  know  that  no  two  brands  of  methylene  blue  on  the 
market  are  the  same,  we  have  specified  the  amount  on  the  basis  of  methylene 
blue,  special,  prepared  by  Coleman  and  Bell,  Norwood,  Ohio.  If  one  prefers 
to  use  other  brands,  it  will  be  necessary  for  him  to  determine  proper  concentration 
of  the  indicator  to  use. 
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bottle  is  tightly  stoppered  with  paraffined  cork  and  shaken  until  a  faint 
but  distinct  pink  color  persists.  Then  enough  N/20  H2SO4  is  added  to 
barely  decolorize  the  pink  color.  The  flask  is  filled  with  a  Pyrex  syphon; 
the  inlet  of  air  is  protected  with  15  per  cent  NaOH  and  concentrated 
H2SO4.  The  tip  of  the  syphon  is  also  provided  with  cork  to  which  a 
Pyrex  test  tube  can  be  inserted  to  protect  against  diffusion  of  the 
gases  through  the  tip. 

This  solution  should  be  tested  out  for  its  proper  alkalinity  in  the 
following  way. 

To  a  Pyrex  flask  marked  at  100  cc,  0.1  cc.  of  N/20  H2SO4  and  1.2  cc. 
of  MB-MR  are  added  using  Pyrex  pipettes.  The  volume  is  made  up 
to  100  cc.  mark  with  the  alkaline  solution  just  described.  If  the  re- 
sulting solutioh.is  greenish  yellow,  it  is  apt  to  be  too  strongly  alkaline. 
It  should  be  colored  faintly  pink  in  cold,  but  should  become  a  pale 
greenish  yellow  when  a  few  cubic  centimeter  of  this  are  placed  in  the 
Pyrex  test  tubes,  previously  tested,  and  immersed  in  boiling  water  for 
6  minutes. 

When  0.2  cc.  of  N/20  H2SO4  is  taken  and  tested  in  the  same  way,  the 
color  should  be  faintly  pink  after  immersion  in  the  water  for  the  same 
period  of  time.  In  other  words  the  concentration  of  the  alkali  should 
be  somewhere  around  N/ 10,000. 

3.  Standardization  of  the  standard  alkali.  This  approximately  right 
alkali  solution  is  standardized  as  follows. 

To  each  of  four  Pyrex  flasks  marked  at  100  cc.  various  fractions  of 
cubic  centuneter  from  0.5-0.2  cc.  of  N/20  H2SO4  accurately  measured 
with  Pyrex  pipette  and  1.2  cc.  of  MB-MR,  measured  also  with  Pyrex 
pipette,  are  added,  and  made  up  to  the  volume  with  the  alkali  solution. 
One  cubic  centimeter  of  each  is  measured  off  by  Pyrex  pipette  from 
each  flask  into  a  clean  Pjtcx  test  tube,  previously  tested,  and  immersed 
in  boiling  H2O.  At  the  end  of  6  minutes,  each  tube  is  titrated  drop  by 
drop  with  the  same  alkaline  solution.  The  typical  result  of  titration 
of  a  particular  standard  solution  we  made  up  as  shown  in  table  1. 

The  average  of  these  determinations,  then,  shows  that  7.2  drops  of 
alkaJi  solution  were  necessary  to  neutralize  1  cc.  of  N/20,000  H2SO4, 
since  each  flask  contains  increment  increase  of  0.1  cc.  of  N/20  per  100  cc. 
and  since  we  took  for  titration  1  cc.  only.  On  the  basis  of  this  titration, 
each  drop  of  the  alkali  is  equivalent  to  1/7.2  cc.  of  N/20,000  alkalinity, 
which  in  t«rms  of  NHs  corresponds  to  0.000,000,12  gram. 

It  should  be  noted  that  in  the  above  calculation,  we  have  not  ignored 
the  effect  of  the  indicator  itself,  but  have  eliminated  it  on  account  of  the 
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fact  that  each  cubic  centimeter  of  the  acid  we  took  contained  exactly  the 
same  amoimt  of  indicator,  and  by  subtracting  number  of  drops  from  the 
one  above,  the  acidity  due  to  incUcator  itself  is  canceled. 


TABLE  1 


TUBE 

CUBIC 

CENTIMKTEB8  OF 

N/20 

NtS04 

CUBIC 

CENTIMETERS  OP 

MB-MR 

THE  ALKALINE 
SOLUTION 

NUMBEB  OF 
DROPS  REQUIRED 

loC.  OF 
THE  SOLUTION 

FOR  EACH  TUBS 

A 
B 

C 
D 

0.6 
0.4 

0.3 
0.2 

1.2 

1.2 

1.2 
1.2 

100 
100 

100 
100 

22       1 
15        1 

0        / 

7.0 
7.5 
7.0 

Average  dr 

ODS 

7.2 

^f^ • ••• 

From  the  same  data,  however,  we  may  calculate  the  acidity  con- 
tributed by  the  indicator,  as  shown  in  the  following  table. 


TABLE  2 


TUBE 

CUBIC 
CENTIME- 
TERS OF 
N/20 

HaSO* 

CUBIC 
CENTIME- 
TERS OF 

MB-MR 

USED 

MADE  UP 
WITH    THE 
ALKALINE 
SOLUTION 

NUMBER  OF 

DROPS  OF  THE 

ALKALINE 

SOLUTION 

NECESSARY  TO 

NEUTRALIZE 

lOC.  OF 

THE  SOLUTION 

NUMBER  OF 

DROPS 

CONTAINED   IN 

1  OC.  PIPXTTTB 

USED  TO 

MEASURE    THE 

ACID-MBMR 

SUV  OF 
DROPS 

NUMBER  OF  DROPS 

REQUIRED  TO 

NEUTRALIZE  1  OC. 

N/20000 

A 
B 
C 
D 

0.5 
0.4 
0.3 
0.2 

1.2 
1.2 
1.2 
1.2 

100 
100 
100 
100 

22 

15 

7 

0 

18 
18 
18 
18 

40 
32 
35 

18 

40/5  =  8.0 
32/4  =  8.0 
25/3  =  8.3 
18/2  -  9.0 

Average  for  first  three  »  8.1  drop.  Average  for  all,  including  the  last  which 
was  already  decolorized  before  titration  =  8.3.  Average  of  these  two  =  8.2; 
8.2  —  7.2  »  1  drop  »  the  amount  of  alkali  required  to  neutralize  1.2/100  cc.  of 
MB-MR  indicator,  the  amount  of  indicator  contained  in  1  cc.  of  MB-MR-acid. 

If  we  can  ignore  the  acidity  contributed  by  the  indicator,  the  stan- 
dardization of  the  alkali  solution  can  be  done  by  a  simple  method. 
For  instance,  take  0.5  cc.  of  N/20  H2SO4  and  1.2  cc.  of  MB-MR,  and 
dilute  it  to  100  cc.  with  solution  to  be  standardized.  Titrate  1  cc.  of 
this  solution  according  to  the  method  described  above.  Add  the  num- 
ber of  drops  contained  in  1  cc.  of  the  pipette  used  for  titration,  to  the 
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number  of  drops  of  the  alkali  required  to  neutralize  the  acid-MB-MR. 
The  sum  of  the  drops  divided  by  5  will  be  equivalent  to  1  cc.  of  N/20,000. 
The  general  formula  for  this  calculation  is  as  follows: 

One  drop  -  - — — -  X  0.000,000,85  gram  NHs 
(g  +  0) 
c 
where  a  =  number  of  drops  required  to  neutralize  1  cc.  of  the 
solution. 
b  —  number  of  drops  contained  in  each  cubic  centimeter  of 

the  pipette  used  for  titration. 
c  =  number  of  cubic  centimeters  of  1/200  cc.  H2SO4  (number 
of  tenths  of  cubic  centimeter  of  N/20  H1SO4)  used  to 
make  the  solution  and  0.000,000,85  gram  is  amount  of 
NHs  contained  in  1  cc.  of  N/20,000  NH4OH  solution. 
If  one  uses  always  the  same  fresh  indicator,  and  is  sure  of  the  amount 
of  acid  it  contributes,  then  the  following  formula  can  be  used,  since 
1.2/100  cc.  of  MB-MR  does  neutraUze  0.000,000,02  gram  of  NH,. 

One  drop=  /     ,   . x  X  0.000,000,85  gram  NHj  +  0.000,000,02  gram. 
\(i  -f-  o) 

c 

Under  strictly  ideal  experimental  conditions,  there  are  3  factors 
which  will  determine  the  error  of  determination:  a,  correct  standardiza- 
tion of  the  alkali;  b,  any  factors  which  influence  size  of  the  drop,  and  c, 
end  point.  The  first  two  factors  concern  the  accurate  estimation  of  the 
amount  of  alkaU  taken.  If  one  wishes,  therefore,  to  be  exceedingly 
accurate,  instead  of  measuring  it  by  drops,  use  of  a  very  small  Pyrex 
pipette,  accurately  caUbrated  to  himdredths  of  a  cubic  centimeter  will 
narrow  the  limit  of  error.  The  effect  of  temperature  on  the  number 
of  the  drop  should,  of  course,  be  alwrfys  remembered. 

Although  the  end  point  is  sharp  within  ^  drop  of  the  alkali  we  ordi- 
narily use,  the  error  will  be  enormously  great  if  the  number  of  total 
drops  of  the  alkali  used  is  very  small.  It  is  highly  desirable  for  one  to 
decide  what  point  is  the  end  and  use  that  criterion  for  all  the  experi- 
ments, both  standardizations  of  the  alkaU,  and  titration  of  the  remain- 
ing acid  after  the  respiration.  The  point  of  change  from  pink  to  faint 
greenish  yellow  is  the  most  sharp.  Many  unnecessary  errors  will  be 
eliminated  if  one  uses  a  control  tube  in  which  the  same  amount  of 
the  indicator  is  placed  and  which  has  the  greenish  yellow  color  to  be 
compared. 

During  titration,  care  atiovid  be  taken  not  to  let  the  alkali  drop  touch  the 
side  of  the  tube,  but  to  let  it  drop  directly  into  the  solution. 
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4.  Preparation  of  MB-MR-acid  solution.  If  we  know  the  exact 
concentration  of  the  alkali,  theoretically  any  strength  of  the  acid  should 
be  satisfactory,  provided  we  run  a  control  tube  containing  exactly  the 
same  amount  of  the  acid.  Like  the  Kjeldahl  titration,  however,  it  is 
best  to  have  such  an  acidity  that  each  cubic  centimeter  of  the  control 
should  not  require  more  than  1  cc.  of  the  standard  alkaU  solution. 
That  is,  if  one  used  the  alkali  solution  to  dilute  the  N/20  H2SO4  to 
100  cc.  with  MR-MB,  the  original  acidity  should  be  sUghtly  more 
than  twice  as  strong  as  the  standard  alkali.  If  too  strong  acid  is 
used,  the  indicator  is  so  diluted  during  titration,  that  the  end  point 
may  be  a  little  obscure.  If  too  weak  acid  is  used,  the  acid  may  be 
already  neutralized  by  the  ammonia  before  titration.  Thus  according 
to  the  type  of  the  tissue,  length  of  the  respiratory  period  and  weight 
of  the  nerve,  the  acidity  may  have  to  be  altered  after  a  preliminary 
experiment.  For  ordinary  15  minutes'  respiration  with  2  sciatic  nerves, 
a  MB-MR-acid  solution  prepared  in  the  following  ratio  is  found  to  be 
satisfactory:  0.4  cc.  N/20  H2SO4  +1.2  cc.  MB-MR  are  made  up  to 
100  cc.  with  the  standardized  alkaU. 

D.  Detailed  method  of  estimation  of  the  NH3  given  off  by  the  nerve,  A 
typical  experiment  to  estimate  simultaneously  the  amount  of  NHs 
given  off  by  resting  and  stimulated  nerve  is  as  follows:  Four  clean 
test  tubes  are  placed  in  the  rack,  each  tube  being  provided  with  a 
paraffined  cork,  having  2  electrode  attachments.  Prepare  the  indicator- 
acid  solution,  by  taking  0.4  cc.  N/20  H2SO4  +1.2  cc.  MR-MB  and 
making  it  up  to  100  cc.  with  the  standard  alkali  solution,  using  a  flask 
and  both  pipettes  made  of  Pyrex.  By  means  of  another  Pyrex  pipette, 
1  cc.  of  each  of  the  indicator-acid  solution  is  placed  in  the  above  tubes, 
and  tightly  stoppered  with  the  cork.  Two  pairs  of  the  sciatic  nerves  are 
quickly  isolated  from  two  frogs,  had  immersed  in  each  of  two  dishes 
containing  Ringer's  solution.  One  out  of  each  pair  is  taken  together, 
blotted  and  weighed.  The  remaining  two  are  also  likewise  weighed. 
After  the  adhering  liquid  is  carefully  removed  by  means  of  filter  paper, 
each  set  of  nerves  is  placed  in  tubes  S  and  R,  respectively,  the  corks  are 
replaced  and  stimulation  by  a  weak  induction  shock  is  applied  to  the 
nerves  in  tube  /S,  recording  the  time  at  which  the  respiration  begins. 
The  stimulus  should  be  so  weak  as  to  be  barely  perceptible  to  the 
tongue.  Tubes  Ci  and  cs  are  controls.  All  the  tubes  are  shaken  gently 
once  or  twice  during  experiment,  care  being  taken  not  to  let  the  liquid 
touch  the  nerves.  The  best  way  is  to  shake  the  rack  gently  without 
touching  each  tube  with  finger,  in  order  to  avoid  temporary  rise  of 
temperature  of  the  tube. 
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At  the  end  of  15  minutes'  respiration,  each  tube  is  shaken  before  the 
tissue  is  removed.  After  the  stopper  is  removed,  the  upper  third  of 
the  tube  is  wiped  with  filter  paper  so  as  to  remove  any  Uquid  of  the 
tissue  which  might  have  been  left  on  the  side  of  the  tube. 

The  four  tubes  are  placed  in  a  basket  which  is  hung  in  boiUng  H2O, 
and  which  is  placed  at  least  one  inch  above  the  bottom  of  the  beaker 
in  which  the  water  is  boiUng.  At  the  end  of  6  minutes,  the  tubes  are 
removed  and  titrated  while  still  hot  with  the  standard  alkaU.  The 
standard  alkaU  can  be  introduced  either  from  Pyrex  buret,  syphon  or 
pipette,  provided  we  have  standardized  value  of  each  drop  of  our 
alkali  with  the  same  apparatus. 

The  different  amounts  of  drops  of  alkali  required  to  neutralize  con- 
trol tubes  and  tubes  containing  the  nerves  when  multiplied  by  number 
of  grams  of  NHs  equivalent  to  one  drop  of  the  alkaU  will  indicate 
the  amount  of  NHs  given  off  by  the  nerves  during  that  period  of 
respiration. 

The  record  given  in  table  3  will  give  an  idea  of  the  details  of  the 
method  used  in  above  experiments.' 

TABLE  8 

Exper.  8,    lB/$4/19BO.    Two  frogs,  Rana  pipiens  (cf,  iB  cm.;  d*,  jW  cm.)  of 

lot  VI  (arrived  at  the  laboratory  on  11 IJBI19B0)  decerebrated  simul* 

tar^eouBly  at  10:67  a.m.    Respiration  at  B4^C. 


TXBSCB 

• 

a 

i 

BE8PIBAT10N 

(15  MiNurrs) 

OF        ALKAU 
ABT  TO  NEU- 
B     THB      BE- 
G  ACID 

NHt  otVfcN  6tr 

Vi 

1 

5J« 

TOTAL   NH« 
GIYBN  OFF 

BY  10  MOU. 
OF  THE  TI88UB 

KIND 

1 

"o 

S 

s 

From 

To 

DBOPS 
NECESB 
TBALIZ 
ICAINIM 

13 

0  « 

DURING 
10  MINUTES 

& 

^ 

p 

- 

< 

a.  m. 

mom. 

0.  m. 

a.  m. 

gram 

gram 

2  sciatica 

10:58 

80 

a 

Yes 

11:09 

11:24 

7 

7 

0.98  X  10-« 

0.81  X  10-' 

28ciatics 

10:59 

80 
0 
0 

R 

c. 
c. 

No 

11:09 
11:10 
11:10 

11:24 
11:25 
11:25 

11 
14 
14 

3 

0.42  X  10-« 

0.35  X  10-' 

♦  Each  tube  contains  1  cc.  of  MB-MR-acid  solution. 

t  Each  drop  of  the  alkali  is  equivalent  to  0.14  X  10"»  gram  NH,. 


"Immediately  after  smoking,  the  breath  contains  appreciable  amounts  of 
base-forming  substances.  It  is  always  safer,  therefore,  for  a  smoker  to  wash  his 
mouth  thoroughly  before  he  uses  pipettes. 
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Results:  1.  Resting  nerve.  The  results  obtained  by  the  last  method 
show  that  the  resting  nerve  gives  ofif  exceedingly  small,  but  quite 
definite  amounts  of  ammonia.  The  results  given  in  table  4  were  taken 
from  experiments  conducted  with  two  bundles  of  sciatic  nerves  (70-100 
mgm.)  taken  from  frogs  ranging  in  size  of  19  to  24  cm.  in  length,  under 
ordinary  range  of  temperature  variation  (20-24°C.).  The  gas  was 
collected  exactly  during  15  minutes  of  respiration  starting  it  at  about 
10  minutes  after  the  animals  were  decerebrated.  The  other  nerves 
of  the  same  frogs  were  stimulated  and  the  NH«  collected  simultaneously 
with  that  of  resting  nerves. 

In  the  following  table,  NHj  production  from  stimulated  and  non- 
stimulated  nerves  are  given  to  show  the  range  of  variation.  If  one 
compares  two  nerves  of  the  same  animal,  we  have  no  difficulty  in 
showing  increased  NH3  production  during  stimulation,  but  the  actual 
amount  of  the  gas  given  ofif  by  nerves  of  dififerent  animals  varies  con- 
siderably. Although  these  variations  might  be  due  to  an  error  of  the 
method  which  is  necessarily  great,  yet  we  have  evidence  to  show  that 
there  are  other  experimental  and  physiological  conditions  which  have 
a  great  influence  upon  NH3  production.  An  investigation  is  now  under 
way  in  which  these  influences  are  more  carefully  studied.  Until  we 
shall  know  more  about  these  factors,  it  is  of  prime  importance  to  deter- 
mine the  amount  of  NH3  given  ofif  by  the  unstimulated  nerves  of  the 
same  frog  and  compare  it  with  the  NH3  produced  by  the  other  half 
under  various  conditions  whose  influence  one  wishes  to  investigate. 

On  the  basis  of  10  mgm.  of  the  nerve  for  10  minutes  of  respiration  the 
unstimulated  sciatic  nerves  of  frogs  {Rana  pipiens)  give  0.32  X  10"^ 
grams  NHs  on  the  average. 

It  is  interesting  to  note  that  this  amount  of  NH3  corresponds  to  ap- 
proximately tV  of  the  weight  of  CO2  given  off  under  approximately 
the  same  conditions,  and  therefore  for  each  mol.  of  CO2,  1/6.5 
of  a  mol.  of  NH3  is  given  off,  i.e.,  iV  of  equivalent  weight  of  CO2. 

2.  Stimulated  nerve.  In  these  experiments  we  used  the  ordinary 
method  of  electrical  stimulation  by  weak  induced  current  only,  similar 
care  being  taken  as  described  in  our  earlier  work  on  CO2  production. 
The  remaining  2  of  the  nerves  of  the  frogs,  used  in  the  experiment 
with  the  resting  nerve  were  taken  and  stimulated  side  by  side  with 
unstimulated  nerve,  thus  maintaining  physiological  and  other  experi- 
mental conditions  as  constant  as  possible. 

The  average  amount  of  NH3  by  stimulated  nerves  is  0.68  X  10~^ 
grams  as  expressed  on  the  basis  of  10  mgm.  tissue  and  10  minutes' 


Digitized  by 


Google 


ALKALIGENESIS  IN  TISSUES 


535 


respiration.  Thus  average  amount  of  NH3  given  off  during  stimulation 
is  approximately  twice  that  of  the  resting  nerve.  This  corresponds 
closely  to  the  average  increase  of  CO2  in  similar  nerves  during  stimula- 
tion which  was  found  to  be  2.4  times  that  of  the  resting  nerve. 


TABLE  4 


NUMBER 

WRIGHT 

OP  SXPSBI- 

TURK 

OF 

MENT 

NERVS 

degrees  C. 

mam. 

2 

23.0  1 

f 

105 
102 

80 

3 

23.6  1 

80 
90 

4 

20.0  j 

85 

5 

20.2 

68 

5a 

20.0/ 

95 

88 

6 

20.2  1 

78 
72 

8 

24.0  1 

80 
80 

9b 

23.0 

80 

TIME 

ELAPSED 

FROM  DBCER- 

EB RATION 

or  FROQ8  TO 

BEGINNING 

OF 

RESPIRATION 

minutea 

9 
9 

9 
8 

11 
11 

13 

13 
13 

11 
11 

11 
11 

13 


DURA- 

TION 

STIMU- 

RESPI- 

LATION 

RATION 

minutes 

15 

— 

15 

+ 

15 



15 

+ 

15 

. 

15 

+ 

15 

- 

19 

_ 

19 

+ 

15 

^ 

15 

+ 

15 

.... 

15 

+ 

15 

+ 

TOTAL   NBs 
GIVEN  OFF 


ffranu 

4.0  X  10 
7.0X10-' 

3.6X10- 
10.8X10- 

4.8  X  10 
9.0  X  10- 

2.4  X  10- 

5.6X10-' 
14.0  X  10-' 

4.9X10-' 
7.0  X  10- 

4.2  X  10- 
9.8  X  10- 

4.8X10-T 


AMOUNT  OF  NHs 

GIVEN  OFF, 

CALCULATED  ON 

BASIS  OF  10  MOM.  OF 

NERVE  AND 

10   MINUTES    OF 

RESPIRATION 


orama 

0.254  X  10- 
0.457  X  10- 

0.30    XIO- 
0.90    X  10- 

0.355  X  10- 
0.705  X  10- 

0.235  X  10- 

0.31   X  10-' 
0.83    X  10- 

0.419  X  10- 
0.642  X  10- 

0.35   X  10- 
0.81    XIO- 

0.4     X  10- 


Average  for  non-stimulated  nerve. 
Average  for  stimulated  nerve 


0.32  X  10- 
0  68  X  10- 


S.  NHz  production  following  stimulation  of  the  nerve.  In  these  ex- 
periments, a  series  of  test  tubes  containing  exactly  the  same  amoimt  of 
MB-MR-acid  solution  was  prepared  in  a  group  of  4.  Two  nerves  were 
placed  in  the  first  tube  and  the  other  two  in  the  next,  the  remaining 
two  of  the  group  acting  as  controls.  The  nerves  in  the  first  tube  were 
stimulated  for  15  minutes.  At  the  end  of  15  minutes,  after  usual  pro- 
cedure, both  stimulated  and  unstimulated  nerves  were  transferred  into 
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corresponding  tubes  of  the  second  group,  no  more  stimulation  being 
applied  to  the  stimulated  nerve  during  subsequent  respiration. 

The  results  of  titration  of  each  of  these  later  tubes  show  that  during 
the  first  15  minutes  following  stimulation,  the  nerve  gives  off  always 
more  than  the  unstimulated  nerve.  Under  ordinary  condition,  the 
amount  of  NH3  produced  by  the  unstimulated  and  the  stimulated 
nerve  during  post-stimulation  becomes  equal  at  the  end  of  45  to  60 
minutes.  We  have  not  yet  succeeded  in  establishing  the  exact  condi- 
tion under  which  the  two  nerves  give  exactly  the  same  amount  of  NHa 
after  a  definite  time.  One  thing  is  certain,  however,  that  an  increase 
in  NH3  production  due  to  stimulation  keeps  on  for  some  time  after 
the  external  stimulation  is  stopped. 

Whether  this  increased  NH3  production  during  post-stimulation  is 
due  to  an  increase  of  NHs  formation  due  to  hyper-irritable  condition  of 
the  nerve  during  post-stimulation,  diffusion  of  preformed  NHs  pro- 
duced during  previous  stimulation,  or  due  to  release  of  NHs  by  virtue  of 
gradual  oxidation  of  lactic  acid,  which  if  formed  should  tend  to  hold  a 
part  of  NH3  formed  during  stimulation,  can  not  be  decided  without 
further  experiments. 

J^.  Effect  of  injury.  We  have  shown  before  that  the  nerve,  when 
mechanically  injured,  gives  off  more  CO2  than  the  uninjured,  and 
attempted  to  explain  the  fact  by  considering  the  traumatic  injury  to 
be  analogous  to  an  extreme  form  of  stimulation.  Since  a  stimulated 
nerve  gives  off  more  NH3  in  a  similar  manner  to  CO2,  we  expected  to 
produce  more  NHs  in  the  nerve.  The  results  were,  however,  diametri- 
cally opposite.  The  crushed  nerve  not  only  does  not  give  off  more  NHi 
than  the  resting,  but  gives  far  less,  the  amount  varying  from  \  of  that 
of  the  resting  to  none  at  all. 

The  mere  fact  that  the  nerve  gives  off  less  NH3  under  these  conditions 
than  uninjured  and  unstimulated  nerve,  does  not  necessarily,  of  course, 
rule  out  the  possibility  of  an  increase  NH3  production  during  trauma. 
On  the  contrary,  in  spite  of  these  facts,  there  are  reasons  for  believ- 
ing that  an  actual  formation  of  NH3  is  increased  under  all  forms  of 
stimulation. 

Whether  or  not  the  nerves  produce  lactic  acid  under  certain  condi- 
tions has  not  been  experimentally  settled.  If  the  nerve  behaves 
similarly  to  muscle,  then  during  trauma  even  if  NH3  might  have  been 
formed,  we  shall  not  be  able  to  detect  it  by  our  present  method  unless 
such  acid  is  removed  by  either  being  converted  to  a  neutral  substance 
or  oxidized  away.    In  case  of  muscle,  however,  Fletcher  and  Hopkins 
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(5)  have  shown  definitely  that  the  lactic  acid  formed  during  trauma 
can  not  be  removed  in  the  manner  that  happens  to  lactic  acid  produced 
during  functional  activity. 

In  the  case  of  ammonia  formation  in  muscle  we  can  demonstrate  these 
two  different  modes  of  behavior  of  lactic  acid.  As  will  be  shown  in 
another  article,  both  injured  muscle  and  muscle  fatigued  by  successive 
stimulation  give  off  practically  no  NHg,  but  during  recovery  process, 
fatigued  muscle  will  gradually  give  up  NHs,  but  not  the  injured  muscle 
even  if  we  let  them  "respire"  more  than  2  hours. 

In  the  nerve,  during  a  long  period  of  respiration,  the  injured  nerves 
seem  to  give  up  a  part  of  NHs.  Whether  this  indicates  formation  of 
lactic  acid  in  injured  nerve,  which  holds  NHs,  but  which  gives  off  a 
part  of  it  later  by  partial  oxidation  of  the  acid  unlike  that  of  injured 
muscle  or  it  means  that  traumatic  injury  was  not  complete  and  does  not 
completely  eUminate  formation  of  NHs  in  the  nerve,  or  that  a  certain 
amount  of  NHj  keeps  on  coming  independently  of  physiological  proc- 
ess is  a  question  to  be  determined  more  in  detail. 

5,  Effect  of  standing  on  nerve .  NHz>  A  knowledge  of  NHs  pro- 
duction in  the  nerve  during  successive  intervals  after  isolation  from 
the  animal  is  necessary  in  order  to  know  the  source  of  the  gas.  Gad- 
Anderson  (6)  has  shown  that  muscle  urea  is  spontaneously  decomposed 
into  NHs  during  post-mortem  change,  and  certain  bacterial  or  other 
decomposition  is  known  to  set  in  at  a  surprisingly  early  state  of  post- 
mortem period,  such  as  histamine  formation.  Either  one  of  these 
processes  might  give  rise  to  NHs  gas  formation  in  a  comparatively 
fresh  tissue. 

In  general,  isolation  of  a  tissue  from  a  body  produces  two  opposing 
phenomena.  From  this  point  on,  the  survival  ph3rsiological  process 
gradually  descends  to  zero,  but  post-mortem  change  gradually  ascends 
to  a  certain  climax.  Whether  the  NHs  we  measured  here  is  formed 
by  survival  physiological  process  or  due  to  post-mortem  phenomena 
unrelated  to  process  in  normal  body,  will  be  decided  by  the  nature  of 
the  curve  of  NHs  production  during  successive  periods  after  the  nerve 
is  isolated  from  the  body. 

The  gradual  decrease  of  NHs  production  shown  in  the  following 
chart,  shows  that  NHs  production  in  the  nerve  must  be  due  to  physio- 
logical process.  We  have  not  yet  extended  our  observation  on  a 
large  interval  to  see  just  when  the  physiological  process  reaches  a 
minimum  and  to  compare  this  point  to  the  death  point  of  the  nerve 
determined  by  irritabiUty  and  CO2  method. 
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Summary  op  quantitative  results.  The  summary  of  quantita- 
tive estimation  of  NHs  produced  by  the  nerve  under  various  conditions 
is  given  in  table  5. 

6.  QuantitaUve  resvUa  with  nephdometer.  In  order  to  check  the 
results  obtained  by  the  method  based  on  base-forming  property  of  gas, 
a  nephelometric  determination  was  made,    N/800  H2SO4  is  used  to 
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TABLES 


Summary  of  NHi  production  from  the  sciatic  nerves  of  frog^  Rana  pipiens,  under 

different  conditions 


AVBBAOB  AMOUirr  OF 

CONDITIONS 

BSSPIBATION  PBBIOD 

NHl  aiVBN  OFF, 

CAXiCULATBD  ON  BASIS 

OF  10  MOM.  OF 

THE  NBBVE  AND  10 

MINirrCS  RESPIBATION 

TEM- 
PEBA- 

TUBE 

granu 

"^ 

Resting  nerve 

15  minutes  immediately  after* 

0.32  X  10-^ 

20-24 

Next  16  minutes 

0.26  X  10-^ 

20-24 

Stimulated  nerve  . . 

15  minutes  immediately  after 

0.68  X  10-^ 

20-24 

Next  15  minutes 

0.59  X  10-' 

20-24 

Crushed  nerve 

15  minutes  immediately  after 

0  to  0.15  X  10-» 

20-24 

*  ''immediately"  is  used  for  those  cases  when  the  respiration  was  started 
within  7  to  10  minutes  after  decerebration  of  the  animal. 


TABLE  6 


« 

NUMBEB 

OF  EXPEBI- 

MENT 

^ 

WEIGHT 

OF 
NEBVE 

deffreet 
C. 

mom. 

AN    1 

25. o| 

101 
103 

AN   2 

23. o| 

123 
141 

AN   3 

19. o| 

86 
87 

AN  11 

23.o| 

84 

87 

AN  12 

22. 5| 

101 
90 

AN  14* 

24. o| 

103 
103 

TIME 

ELAPSED 

FBOM  DBCEB- 

DUBA- 

EBATION 

TION  OF 

aTIMULA- 

OF  FROGS  TO 

BE8PI- 

TION 

BEGINNING 

BATION 

OF 

RESPIBATION 

minute9 

minuteM 

11 

20 

+ 

11 

20 

— 

11 

15 

+ 

11 

15 

— 

9 

15 

+ 

9 

15 

— 

16 

20 

+ 

16 

20 

— 

12 

20 

+ 

12 

20 

— 

12 

20 

+ 

12 

20 

-> 

TOTAL  NHl 
GIVEN  OFF 


grama 

5.3X10- 
3.8X10- 

4.6X10- 
3.8  X  10- 

4.6X10- 
2.8  X  10- 

3.3  X  10- 
2.6X10- 

4.4  X  10- 
2.6  X  10- 

6.4  X  10- 
4.4  X  10- 


AlfOUNT  OF  NHj 

GITEN  OFF 

CALCULATED  ON 

BASIS  OF  10  MGM.  OF 

NEBVE  AND 

10  MINITTES  OF 

BE8PIBATION 


0.26  X  10- 
0.18  X  10- 

0.25  X  10- 
0.18X10- 

0.35  X  10- 
0.21  X  10- 

0  20X10- 
0.14X10- 
0.22X  10- 
0.14X10- 

0.31  X  10- 
0.21  X  10- 


Average  for  non-stimulated  nerve. 
Average  for  stimulated  nerve 


0.17X10- 
0.27  X  10- 


*  Determined  by  Nessler. 
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absorb  the  gas,  and  treated  with  Graves'  reagents  as  described  on 
page  525.  Both  the  Kober  and  our  own  modification  of  Dubosque 
colorimeter  were  used  to  determine  resulting  turbidity.  On  account  of 
difficulty  of  the  method,  large  numbers  of  readings  were  necessary 
for  each  experiment  and  our  data  are  not  extensive.  The  results  ob- 
tained by  this  method  are  given  in  table  6. 

In  the  sense  of  ordinary  quantitative  analysis,  these  two  results 
shown  in  tables  4  and  6  cannot  be  said  to  be  in  a  close  agreement. 
Unf  ortimately  like  most  so-called  super-michrochemical  methods,  our 
method  is  subject  to  a  much  larger  per  cent  of  error  than  that  which 
ordinary  quantitative  accuracy  permits.  It  is  highly  probable  that  in 
our  method  there  may  be  more  than  one  error  which  is  common  to  all 
our  determinations.  The  absolute  amount  of  NHj  recorded  here  will 
no  doubt  be  revised  by  some  who  will  devise  a  more  accurate  method. 
In  spite  of  this,  however,  we  are  quite  certain  that  the  relative  amount 
of  NHa  gas  produced  by  the  nerve  under  various  conditions  will  stand 
regardless  of  any  method,  within  physiological  variation. 

Considering,  therefore,  the  amount  of  the  gas  we  are  dealing  with, 
these  data  obtained  by  methods  based  on  entirely  different  chemical 
properties  are  close  enough  to  show  that  the  gas  is  ammonia. 

CONCLUSION 

However  curious  it  may  seem,  the  facts  are  that  the  nerve  undergoes 
chemical  reactions  in  which  both  acid-forming  and  base-forming  sub- 
stances are  produced,  and  that  the  increase  of  CO2  production  during 
stimulation  is  accompanied  with  an  increase  of  NH3  production.  Al- 
though the  physiological  and  biochemical  significance  of  these  facts 
has  not  yet  been  investigated,  they  raise  many  interesting  questions. 

Where  does  NHa  come  from?  We  have  endeavored  to  show  that  it  is 
neither  produced  by  bacterial  decomposition  nor  from  urea.  Con- 
sidering the  minuteness  of  its  amount,  one  might  naturally  suppose 
that  inasmuch  as  the  blood  always  contains  a  little  NH3,  the  nerve 
might  receive  it  from  the  blood  and  retain  it  in  an  amount  which  will  be 
in  direct  equiUbrium  with  the  blood,  or  lymph,  and  that  this  NHj  will 
gradually  diffuse  out  to  a  medium  from  which  it  is  constantly  removed. 
That  this  plausible  explanation  will  not  hold  will  be  shown  in  later 
papers  where  we  shall  present  evidence  to  show  that  NHi  production 
from  the  different  tissues  is  not  the  same,  but  varies  within  a  large 
range,  and  that  these  variations  are  not  proportional  to  anatomical 
variation,  but  due  to  some  other  physiological  and  biochemical  factor. 
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Thus  the  process  of  elimination  leads  us  to  the  speculation  that  this 
NHj  must  come  from  protein  directly. 

'  What  becomes  of  it?  According  to  the  estimate  made  by  Professor 
Donaldson,^  an  average  adult  human  being  weighing  150  pounds  has 
1,620  grams  of  total  nervous  tissues.  If  these  tissues  give  ofif  NH3 
in  the  same  ratio  as  that  of  the  sciatic  nerve  of  the  frog,  we  see  that  the 
daily  output  of  NHs  will  amount  to  approximately  0.7  gram  with 
corresponding  variation  during  stimulation.  Since  the  daily  output  of 
a  normal  man  usually  does  not  go  beyond  1  gram  of  NHs  and  some 
other  tissues  also  give  off  the  gas  in  different  degrees,  and  since  by 
external  factor  alone  one  can  almost  completely  aboUsh  NH3  output, 
even  this  entirely  unquaUfied  calculation  tells  us  that  the  nerve  NHs 
must  be  converted  either  entirely  or  partly  into  something  else.  It  is 
not  extraordinary  speculation  to  consider  that  it  is  urea  into  which  this 
ammonia  is  converted.  Since  no  constituent  of  the  urine  is  more 
variable  than  the  urea,  if  NHs  does  go  into  urea,  a  variation  of  NHs 
production  due  to  the  changes  in  the  nervous  activity  might  easily  be 
lost  sight  of. 

How  far  this  NHs  influences  acid-base  balance  in  the  body,  and  at 
what  point  it  is  converted  to  urea  or  something  else  can  not  even  be 
speculated  upon  without  further  experimentation  such  as  determina- 
tion of  the  NHs  production  from  the  other  tissues  as  well  as  an  accurate 
determination  of  the  NHs  in  the  blood — a  procedure  which  is  one  of  the 
most  difficult  and  unreUable  of  biochemical  analyses. 

What  relationship  has  NHs  with  the  irritabiUty  of  the  nerve?  Does 
the  fact  that  stimulation  increases  NHs  production,  suggest  a  decrease 
of  NHs  production  during  anesthesia?    Muscle  gives  off  far  less  am- 

'  Personal  communication.  For  a  man  weighing  150  pounds,  and  who  is  68 
inches  tall,  his  estimate  of  the  total  nervous  system  is  as  follows. 

grama 

Brain 1400 

Spinal  cord 27 

Sympathetic 30 

Cranial  nerves 12 

Spinal  nerves 151 

Total  weight 1620 

Except  weight  of  sympathetic  which  he  considers  more  or  less  as  a  guess,  these 
calculations  are  based  on  accurate  anatomical  data  (8),  (9),  (10).  For  this  infor- 
mation and  many  other  suggestions,  the  author  is  greatly  indebted  to  Prof.  H.  H. 
Donaldson. 
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monia  than  the  nerve.  Doctor  Mathews  suggested  that  this  fact 
ought  be  responsible  for  the  extreme  sensibility  of  muscle  and  relative 
immunity  of  the  nerves  to  ammonia.  Is  there  any  relationship  between^ 
NHs  production  and  fatigue  in  view  of  the  fact  that  the  ratio  between 
NH3/CO2  in  activated  nerve  is  far  greater  than  that  of  the  contracting 
muscle?  What  will  be  the  NHs  production  from  the  nerve  during 
prolonged  refractory  periods  which  are  supposed  to  be  more  susceptible 
to  a  continued  activity? 

The  accumulation  of  insoluble  calcium  salts  at  one  point  must  be 
intimately  concerned  with  a  metabolism  which  forms  bases.  Drew 
(7)  has  shown  that  denitrifying  bacteria  can  precipitate  out  CaCO* 
from  sea  water.  In  the  physiological  process  of  calcification  and  the 
pathological  cases  of  softening  of  bone  as  well  as  pathological  process 
of  calcification,  ammonia  production  in  the  tissues  must  be  a  dominant 
factor.  This  supports  the  idea  that  conditions  like  osteomalacia  may 
be  intimately  related  to  disturbances  in  protein  metabolism.  Experi- 
ments to  determine  NHj  production  in  the  bone  under  different  condi- 
tions will  test  these  hypotheses. 

In  a  series  of  papers  on  studies  of  alkaligenesis  in  the  tissue,  we  hope 
to  be  able  to  answer  some  of  these  questions.  Meanwhile  we  should 
emphasize  the  fact,  as  shown  elsewhere  (3),  that  any  method  which 
attempts  to  measure  the  small  increase  of  CO2  in  the  activated  nerve 
should  not  ignore  this  exceedingly  small  but  definite  amount  of  NHs 
which  is  simultaneouslj''  formed  in  the  nerve  fiber. 

8UMMABY 

1.  Evidence  is  given  to  show  that  resting  nerves  give  off  exceedingly 
minute  quantities  of  a  volatile  base-forming  substance  which  during 
stimulation  is  greatly  increased,  and  that  this  substance  is  probably 
ammonia. 

2.  Methods  are  described  by  which  we  can  measure  NHs  as  sm,all  as 
0.000,000,1  gram. 

3.  Quantitative  data  are  given  to  show  NH3  production  by  the  nerve 
under  various  conditions. 

4.  Various  questions  were  raised  concerning  the  r61e  of  NHs  in  the 
general  physiological  problem. 
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X.  The  Cardio-Accelerator  Substance  Produced  by 
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In  a  previous  paper  of  this  series  (1)  evidence  was  presented  that 
stimulation  of  the  hepatic  nerves  causes  a  substance  to  appear  in  the 
blood  passing  through  the  liver  that  accelerates  the  denervated  heart 
and  induces  a  rise  of  blood  pressure.  We  wished  to  secure  information 
regarding  the  nature  of  this  pressor  and  cardio-accelerator  substance. 

In  the  experiments  to  be  described,  as  in  the  earUer  series,  we  used 
cats  under  light,  but  complete,  ether  anesthesia.  The  hepatic  nerves 
were  stimulated  by  means  of  shielded  electrodes  which  prevented  any 
spread  of  current.  The  strength  of  stimulus  was  approximately  con- 
stant in  all  cases,  and  the  stimulation  lasted  uniformly  30  seconds. 

Further  evidence  that  the  cardio-accelerator  agent  is  of 
HEPATIC  ORIGIN.  The  rcason  for  attributing  the  faster  heart  rate  to  a 
substance  produced  by  the  liver  was  that  excitation  of  the  hepatic 
nerves  induced  the  change  when  all  the  extrinsic  nerves  of  the  heart  had 
been  severed  and  the  only  means  of  transmission  between  the  liver  and 
the  heart  was  supposed  to  be  the  blood  stream.  The  connection  of  the 
liver  with  the  heart  through  the  inferior  vena  cava  was  not  considered. 
Might  it  not  be  possible  that  a  disturbance  induced  in  the  hepatic  veins 
could  be  carried  along  the  cava  to  the  heart  and  the  rate  thus  acceler- 
ated? This  possibiUty  we  tested  by  stimulating  the  cava  low  in  the 
thorax.  No  effect  on  the  heart  was  produced  and  therefore  that 
possibility  was  excluded. 

Again,  if  a  substance  is  produced  by  the  liver  we  should  be  able  to 
collect  blood  containing  it  and,  on  injecting  that  blood,  we  should  expect 
to  produce  the  usual  results  of  hepatic  stimulation.  To  carry  out  this 
experiment  we  have  introduced  a  small  catheter,  oiled  inside  and  out, 
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into  the  right  jugular  vein  low  in  the  neck  and  down  past  the  heart  into 
the  inferior  cava  neariy  to  the  diaphragm.  The  cava  below  the  liver 
was  then  closed  (the  adrenals  had  previously  been  removed),  and  after 
the  hepatic  nerves  had  been  stimulated  for  25  of  the  standard  30  seconds, 
10  cc.  of  blood  were  drawn  through  the  catheter  into  a  syringe.  The 
experiment  is  difficult  to  perform,  and  we  have  had  a  number  of  failures. 
In  one  instance,  however,  we  succeeded  in  securing  10  cc.  of  blood  (at 
.  12:33).  The  heart  rate,  which  had  previously  risen  22  beats  per 
minute  in  consequence  of  hepatic  stimulation,  rose  24  beats  (from  182 
to  206  beats  per  minute)  in  consequence  of  stimulating  the  nerves  at  the 
time  of  withdrawing  the  blood  from  the  Uver  viens.  At  12:34  the  rate 
had  fallen  to  196.  The  cava  below  the  liver,  which  had  been  opened 
after  removal  of  the  blood,  was  now  closed  again  and  (at  12:34)  the 
blood  was  slowly,  during  15  seconds,  reinjected  into  the  thoracic  cava. 
The  heart  rate  rose  from  196  to  208  beats  per  minute;  a  minute  later  the 
rate  had  fallen  to  192,  and  shortly  thereafter  it  returned  to  180.  In 
a  control  test  10  cc.  of  blood  were  withdrawn  (at  12:51),  without  stimu- 
lation of  the  hepatic  nerves;  its  reintroduction  (at  12:53)  was  not 
attended  by  an  increase  in  the  heart  rate.  As  will  be  mentioned  later, 
there  is  evidence  that  an  extract  of  blood  which  has  been  clotted,  or 
blood  which  is  approaching  coagulation,  will  accelerate  the  heart.  The 
brief  period  during  which  the  blood  was  withheld  in  this  positive  ex- 
periment (1  minute)  and  the  failure  of  an  effect  when  no  stimulation 
occurred,  though  the  blood  was  withheld  for  2  minutes,  seem  to  us  to 
rule  out  the  possibility  that  the  increased  rate  was  due  to  blood  changes. 
In  the  earlier  study  of  the  effect  of  hepatic  stimulation  on  the  heart 
rate  it  was  noted  that  a  greater  cardio-accelerator  action  was  commonly 
associated  with  digestion  (1).  This  might  be  due  to  the  influence  of 
some  material  which,  taken  from  the  intestines  into  the  blood  and 
normally  removed  as  the  blood  passes  through  the  liver,  is  not  removed 
if  the  hepatic  nerves  are  stimulated.  Thus  the  faster  heart  rate  would 
be  due  to  a  failure  of  the  hver,  when  stimulated  through  its  nerves,  to 
protect  the  heart  against  a  cardio-accelerator  agent  produced  in  the 
alimentary  canal.  Stimulation  might  act  by  disturbing  the  circulation 
or  by  affecting  the  hver  cells.  The  hepatic  nerves,  according  to  Opitz, 
constrict  and  lessen  the  blood  flow  in  the  hepatic  artery  much  more  than 
in  the  portal  vein  (2).  Might  it  not  be  true  that  reduction  of  the  arterial 
blood  supply  interferes  with  hepatic  function  so  that  material  absorbed 
from  the  intestines  is  not  removed  from  the  portal  blood?  This  possi- 
bility was  tested  by  closing  the  hepatic  artery  in  a  well-fed,  digesting 
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cat;  the  heart  rate  was  not  increased.  For  example,  on  January  20, 
at  11:10,  hepatic  nerve  stimulation  for  10  seconds  increased  the  heart 
rate  18  beats  per  minute;  at  11:15,  the  hepatic  artery  was  closed  with- 
out changing  the  rate  a  beat;  nevertheless,  stimulation  of  the  hepatic 
plexus  during  the  exclusion  of  arterial  blood  accelerated  the  heart  25  beats 
per  minute.  Furthermore,  we  found  (Feb.  28)  that  when  the  portal 
vein  was  closed,  hepatic  nerve  stimulation,  which  previously  (at  3:32) 
had  hastened  the  heart  rate  24  beats  per  minute,  still  (at  3:42)  raised 
the  rate  by  15  beats.  And  on  April  6,  after  excision  of  the  small  and 
large  intestines,  the  spleen  and  the  pancreas,  and  ligature  of  the  cava 
below  the  liver  and  of  the  aorta  above  the  renal  branches,  hepatic 
stimulation  still  had  as  great  an  effect  as  before,  speeding  up  the  heart 
by  16  beats  per  minute.  The  absence  of  any  change  on  closing  the 
hepatic  artery,  and  the  continuance  of  the  accelerator  effect  though  the 
portal  vein  was  closed  or  the  alimentary  canal  removed,  we  interpret  as 
showing  that  the  accelerating  agent  is  elaborated  in  the  liver  itself  and 
does  not  come  directly  from  the  intestines. 

The  inference  just  drawn  received  further  support  in  three  cases 
cited  in  a  previous  paper  (1,  p.  362).  In  two  of  them,  to  which  we  can 
now  add  four  more,  acceleration  on  stimulating  the  hepatic  nerves 
occurred  though  the  animals,  which  had  been  well  fed,  were  not  digest- 
ing, and  in  a  third,  an  animal  which  had  been  much  excited,  it  failed 
to  occur  though  the  alimentary  canal  contained  much  meat  in  various 
stages  of  digestion.  Thus  hepatic  stimulation  may  be  quite  effective 
in  the  absence  of  material  coming  from  the  intestine  and  may  be  inef- 
fective when  intestinal  contents  are  present.  In  other  words,  the  liver, 
not  the  intestine,  is  the  source  of  the  accelerating  factor. 

Feeding  experiments.  As  was  recalled  above,  the  cardio-accelera- 
tor  effect  was  observed  in  our  previous  study  to  be  large  in  many  of  the 
animals  which  were  actively  digesting;  but  with  a  few  exceptions  (which 
we  shall  consider  later)  it  was  slight  if  the  animals  were  fasting  or  in 
poor  physical  condition.  This  difference  suggested  testing  the  effects 
of  different  classes  of  food. 

Carbohydrate  feeding.  As  a  rule,  after  potato  has  been  fed  shortly 
before  the  experiment  or  for  several  days  previously,  excitation  of  the 
hepatic  nerves  does  not  cause  a  faster  heart  rate  than  is  observable 
when  an  animal  has  been  without  food  for  a  day  or  two.  The  following 
results  illustrate  what  we  have  noted: 

February  28.  Cat  without  food  2  days,  fed  potato  4  hours  before  operation. 
Stimulation  of  the  hepatic  nerves  caused  an  increment  of  8  beats  per  minute. 
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March  14.  A  repetition  of  the  experiment  of  February  28;  increment  of  only 
4  beats. 

March  17.  Another  similar  experiment,  with  potato  fed  3  hours  previous  to 
the  operation.    Increments  of  6  and  8  beats. 

March  28.  Cat  fed  potato  for  6  days  preceding  test.  Hepatic  stimulation 
caused  increments  of  only  8  and  4  beats. 

Stimulation  of  the  hepatic  nerves  induces  an  increase  of  sugar  in  the 
blood  (3).  The  foregoing  experiments  show  that  this  effect  does  not- 
influence  the  denervated  heart.  Other  experiments,  to  be  reported 
later,  confirm  this  conclusion.  The  results  of  the  foregoing  tests  do 
not  indicate  that  carbohydrate  feeding  is  favorable  to  a  large  cardiac 
acceleration  of  hepatic  origin. 

Fat  feeding.  Since  the  Uver  is  supposed  to  desaturate  the  fatty 
acids  and,  by  introducing  double  bonds,  to  prepare  them  for  more 
ready  metabolism  (4),  it  might  be  assumed  that  the  presence  of  plenty 
of  fat  in  the  blood  would  be  favorable  for  the  elaboration  of  material 
which  would  increase  the  heart  rate.  In  our  experience,  however, 
feeding  fat  either  continuously  for  several  days  or  shortly  before  the 
experiment  does  not  have  an  efifect  different  from  that  observed  in  the 
fasting  animal.  For  example,  on  March  21,  an  animal  which  had  taken 
a  meal  of  lard  the  night  before  and  which  was  actively  digesting  it  at 
the  time  of  the  experiment  showed  cardiac  accelerations  of  only  8,  6 
and  6  beats,  respectively,  on  repeatedly  stimulating  the  hepatic  nerves. 
And  on  March  26,  an  animal  which  had  been  fed  only  lard  for  5  days 
and  was  again  fed  on  the  morning  of  the  experiment,  so  that  it  was 
actively  digesting  fat,  showed  no  acceleration,  or  at  most  an  increase  of 
1  beat  per  minute  when  the  hepatic  nerves  were  excited.  Nothing  in 
the  evidence  at  hand  points  to  fats  being  in  any  sense  favorable  to  the 
development  or  to  the  eflicacy  of  the  hepatic  agent  that  accelerates  the 
heart. 

Protein  feeding.  The  figures  recorded  in  the  second  column  of  table  1 
in  the  previous  communication  on  the  effects  of  hepatic  stimulation 
(1,  p.  356)  were  derived  from  experiments  in  which  the  animals  were 
digesting  meat.  The  average  acceleration  of  the  heart  in  these  in- 
stances was  15.5  beats  per  minute.  The  average  acceleration  in  fasting 
animals,  recorded  in  the  first  column  of  the  table,  was  5.2  beats  per 
minute,  an  effect  which,  as  just  pointed  out,  corresponds  to  that  seen 
after  carbohydrate  or  fat  had  been  fed.  Our  tests  of  protein  feeding 
have  yielded  figures  quite  different  from  the  negative  results  of  feeding 
potato  and  lard.    On  April  5  a  test  was  made  on  an  animal  which  had 
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been  fed  for  a  week  on  all  the  lean  meat  it  would  eat  and  which  had  been 
given  100  grams  of  ground  lean  meat  the  previous  afternoon.  At  the 
time  of  operation  the  intestines  contained  material  undergoing  digestion. 
Stimulation  of  the  hepatic  nerves  caused  increments  of  the  heart  rate 
as  high  as  12  and  14  beats  per  minute.  On  April  6  a  similar  experiment 
was  performed  with  increments  of  14  and  16  beats.  After  eating  meat 
(3  hours  before  operation),  on  April  8,  a  cat  showed  accelerations  of  26, 
•12  and  22  beats  per  minute.  An  animal  given  meat  for  4  days  before 
and  also  on  the  morning  of  the  test  (Nov.  22)  had  a  heart  rate  faster  by 
13  and  14  beats  after  hepatic  stimulation.  The  same  stimulation 
(Dec.  22)  in  a  cat  digesting  meat  accelerated  the  rate  in  successive 
tests  32,  28,  20,  20  and  10  beats. 

A  modification  of  the  experinients  on  protein  feeding  was  tried  in 
giving  milk  for  some  days  and  meat  shortly  before  the  operation.  For 
example,  on  April  12,  in  an  animal  which  had  had  milk  for  3  days  and 
which  had  eaten  meat  4  hours  previously,  repeated  stimulation  of  the 
hepatic  nerves  caused  cardiac  accelerations  of  26,  12,  8  and  10  beats, 
respectively.  And  again,  on  April  14,  in  a  similar  experiment,  the 
increases  were  18,  16,  8,  10  and  12  beats.  On  the  other  hand,  in  two 
cases  (April  13  and  16),  milk-fed  animals  which  were  digesting  meat, 
the  maximal  accelerations  were  6  and  8  beats. 

There  have  been  five  instances  in  which,  though  protein  food  was 
present  in  the  ah'mentary  canal  and  digestion  had  progressed,  hepatic 
stimulation  had  very  sUght  effects.  In  one  of  them,  however,  urethane 
was  used  as  the  anesthetic  and  perhaps  determined  the  result — a  pos- 
sibility which  we  have  not  examined.  In  another,  decerebration  was 
tried,  and  when  the  hepatic  nerves  were  stimulated,  the  blood  pressure 
had  fallen  to  42  mm.  Hg. — a  level  probably  too  low  to  permit 
the  liver,  which  is  sensitive  to  a  deficient  oxygen  supply  (1,  p.  362), 
to  respond.  In  the  third  the  hepatic  artery  was  found  to  have  been 
for  a  long  time  closed.  The  fourth  cat  had  been  greatly  excited  before 
the  experiment,  especially  while  being  anesthetized.  In  the  fifth  no 
possible  explanation  of  the  slight  accelerations  (4,  4  and  9  beats)  can 
be  given,  unless  it  was  that  the  animal  had  been  fed  liver  instead  of 
muscle — an  improbable  reason,  we  think.  . 

From  the  foregoing  evidence  we  draw  the  conclusion  that  as  a  rule 
the  acceleration  of  the  denervated  heart  on  stimulating  the  nerves  of 
the  liver  is  more  marked  when  the  animal  is  digesting  protein  than  when 
the  am'mal  has  been  fasting  or  subsisting  on  carbohydrate  or  fat. 
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The  effect  of  injecting  amino  acids.  The  relation  between 
protein  feeding  and  the  efficacy  of  hepatic  stimulation,  the  fairly  close 
chemical  relation  of  adrenin  to  certain  amino  acids,  and  the  demon- 
stration by  Barger  and  Dale  that  there  are  amines  having  sympatho- 
mimetic effects  (5),  suggested  that  the  acceleration  of  the  heart  and  the 
rise  of  blood  pressure  when  the  hepatic  nerves  are  stimulated  are  due  to 
a  release  of  an  agent,  or  agents,  of  this  nature  from  the  liver  cells.  It 
seemed  possible  that  amino  acids  or  amines,  transported  from  the  in- 
testine to  the  liver,  would  there  be  removed  from  the  portal  stream  by 
the  cells  and  that  when  the  cells  are  stimulated  they  would  release  these 

table  1 
Effect  of  injecting  mixed  amino  acids  (except  cystine)  into  small  intestine 
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Digesting  potato 
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Digesting  meat 

In  the  last  four  experiments  the  amino  acid  mixture  was  neutralized  with  sodium 
bicarbonate. 

substances  before  having  time  to  alter  them  or  incorporate  them.  It  was 
conceivable  also  that  the  faster  heart  rate  was  an  expression  of 
the  specific  dynamic  action  of  certain  amino  acids  in  accelerating 
metabolism 

The  results  of  injecting  into  the  small  intestine  a  solution  of  mixed 
amino  acids  (except  cystine)  are  given  in  table  1.  The  first  experiment 
(Feb.  28)  yielded  such  striking  results  that  we  thought  we  were  about 
to  make  a  big  step  forward.  The  second  experiment  was  not  wholly 
disappointing,  but  thereafter  the  results  were  so  uncertain  as  to  leave 
us  no  sound  basis  for  a  conclusion.    As  the  table  shows,  the  effects 
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(except  in  the  first  two  experiments)  were  not  notably  different  whether 
the  introduction  of  the  amino-acid  solution  was  preceded  by  fasting  or 
was  accompanied  by  feeding  carbohydrate,  fat  or  meat.  One  might 
think  that  the  amount  injected  was  too  small,  especially  in  the  later 
experiments;  on  one  occasion,  however,  the  night  before  the  operation 
we  gave  by  stomach  tube  40  cc.  of  the  solution  to  a  cat  which  had  been 
without  food  48  hours,  and  introduced  25  cc.  more  in  the  morning 
shortly  before  anesthetizing,  but  we  were  unable  by  hepatic  stimulation 
to  accelerate  the  heart  more  than  6  beats  per  minute. 

A  variation  on  the  foregoing  experiments  was  made  by  use  of  the 
filtrate  from  a  pancreatic  digest  of  casein^  containing  presumably  all 
the  amino  acids  and  some  polypeptides.  An  injection  of  0.1  cc.  of  this 
filtrate  into  the  femoral  vein  increased  the  heart  rate  10  beats  per 
minute;  a  second  injection,  1.0  cc,  raised  the  rate  from  178  to  208, 
i.e.,  30  beats  per  minute.  After  7  cc.  of  the  digest  had  been  injected 
into  the  small  intestine,  however,  the  heart  rate  was  not  altered  to  any 
noteworthy  degree,  nor  was  stimulation  of  the  hepatic  nerves  made 
more  effective.  In  another  experiment  the  stimulating  effect  of  the 
filtrate  itself,  when  introduced  intravenously  was  confirmed — 1.0  cc. 
increasing  the  rate  20  beats  per  minute — but  this  effect,  we  must 
emphasize,  should  be  distinguished  sharply  from  an  effect  on  the  liver, 
such  as  appeared  to  be  present  in  the  experiment  of  February  28,  table  1, 
and  was  revealed  by  a  greater  efficacy  of  hepatic  stimulation. 

On  the  supposition  that  the  faster  heart  rate  might  in  some  manner 
be  related  to  the  specific  dynamic  action  of  protein,  we  have  tested  the 
effect  of  glycocoU.  Lusk  has  reported  that  when  it  is  given  by  mouth 
it  increases  the  metabolic  rate  (6).  We  found,  however,  that  an  in- 
jection (during  10  minutes)  of  10  cc.  of  5  per  cent  glycocoll  in  mamma- 
lian Ringer  into  the  femoral  vein  not  only  failed  to  increase  the  heart 
rate,  but  actually  reduced  it,  and  also  reduced  the  influence  of  hepatic 
stimulation.  A  stimulation  which,  previous  to  the  injection,  had  in- 
creased the  rate  22  beats  per  minute  had  no  effect  immediately  after 
the  injection  was  completed  and  6  minutes  later  caused  an  increment 
of  only  6  beats.  A  second  injection  of  the  same  amount  during  16 
minutes  into  a  branch  of  the  portal  vein  did  not  depress  the  rate  to  so 
great  an  extent,  but,  as  before,  it  did  not  favor  the  action  of  the  hepatic 
factor  on  the  heart. 

Alanine  (1  and  2  cc,  5  per  cent),  cystine  (1  cc,  saturated  solution), 
tryptophane  (5  mgm.  in  2.5  cc),  cystine  (5  cc,  1  per  cent),  leucine  (the 
same),  asparagine  (the  same),  glutamic  acid  (the  same),  aspartic  acid 
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(5  cc,  saturated  solution),  and  phenyl-alanine  (6  cc,  1  per  cent),  had 
either  no  effect  or  a  negligible  effect  (a  change  of  2  beats)  on  the  heart 
rate.  Ammonia  (1  cc,  1  per  cent),  introduced  into  the  colon,  if  it 
acted  at  all,  reduced  the  heart  rate. 

There  is  some  evidence  that  tyrosine,  closely  related  in  chemical 
structure  to  adrenin,  is  capable  of  accelerating  the  heart.  On  April  14, 
injection  of  2  cc.  of  a  saturated  solution  in  mammalian  Ringer  into  the 
femoral  vein  caused  an  immediate  rise  of  5  beats  (from  182  to  187)  and 
within  3  minutes  5  beats  more,  to  192  per  minute,  where  the  rate  re- 
mained for  more  than  10  minutes.  Again  on  May  12,  injection  of  1  cc. 
of  a  saturated  solution  of  tyrosine  in  mammalian  Ringer  increased  the 
heart  rate  within  3  minUtes  by  15  beats  per  minute.  Since  tyrosine  is 
more  soluble  in  acid  and  alkaline  solutions  we  tried  such  preparations, 
and  with  2  mgm.  were  able  to  induce  increases  of  10  and  11  beats.  But 
in  no  instance  was  there  produced  any  greater  effect  of  stimulating  the 
hepatic  nerves.  Introduction  in  one  case  of  4  cc.  of  a  1  per  cent  tyro- 
sine suspension  into  the  colon,  and  in  another  case  2  cc.  of  the  same 
suspension  into  the  small  intestine  led  to  no  change  in  the  heart  rate 
and  to  no  increased  action  of  the  hepatic  factor. 

As  is  well  known,  tyramine  in  small  amounts  will  raise  blood  pressure 
and  in  other  ways  act  like  adrenin.  We  found  that  when  injected  into 
a  vein  or  into  the  intestine  in  small  amounts  it  increased  the  heart  rate 
remarkably  but  did  not  cause  any  considerable  change  in  the  efficacy 
of  hepatic  stimulation.  Thus  on  November  8,  after  the  introduction  of 
2  cc.  of  a  1  per  cent  solution  of  tyramine  into  the  small  intestine  had 
raised  the  heart  rate  from  228  to  246  and  later  to  276  beats  per  minute, 
hepatic  stimulation,  which  previously  had  increased  the  rate  8  beats, 
still  increased  it  8  and  5  beats.  In  order  to  induce  a  slighter  acceleration 
of  the  heart  rate  from  tyramine  passing  through  the  liver,  and  thus  to 
permit,  perhaps,  a  greater  opportunity  for  action  from  any  tyramine 
that  might  have  been  taken  up  by  the  liver  cells  and  that  might  be 
released  when  they  were  stimulated,  we  tried  introducing  a  smaller 
amoimt.  On  November  15,  10  cc.  of  a  0.002  per  cent  solution  injected 
into  the  intestine  raised  the  rate  from  210  to  232  beats;  the  increment 
following  excitation  of  the  hepatic  nerves,  however,  which  previously 
had  been  12  and  9  beats,  continued  thereafter  8  and  12  beats. 

As  stated  in  the  first  paragraph  of  this  section,  the  concept  which  led 
us  to  imdertake  the  observations  on  amino  acids  and  amines  was  that 
these  agents  might  be  taken  out  of  the  portal  blood  by  the  liver  cells 
during  protein  digestion  and  might  be  released  when  the  nerves  were 
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stimulated  and  thus  influence  the  heart.  In  that  case  these  substances 
should  themselves  act  on  the  heart  when  introduced  into  the  general 
circulation.  This  effect  has  been  noted  only  in  case  of  tryosine  and 
tyramine.  Furthermore,  if  our  concept  were  correct,  when  these  sub- 
stances are  introduced  into  the  intestine  there  should  be  an  increased 
effect  on  the  heart  from  exciting  the  hepatic  nerves.  With  the  excep- 
tion of  the  first  two  instances  given  in  table  1,  however,  this  effect  has 
not  been  seen.  It  seems  to  us  probable,  therefore,  that  the  hepatic 
agent  is  not  an  immediate  product  of  digestion,  but  some  material 
elaborated  by  the  liver  in  the  course  of  time. 

Effect  of  known  or  supposed  liver  products  on  the  denervated 
HEART.  Best  known  of  the  substances  resulting  from  metabolic  changes 
in  the  liver  are  glucose  and  urea.  It  has  been  claimed  also  that  the 
liver  produces  and  discharges  catalase.  Since  our  experiments  led  us  to 
the  conclusion  that  the  accelerator  agent  is  some  substance  elaborated 
by  the  liver  cells,  we  decided  to  determine  whether  any  of  the  known 
or  supposed  liver  products  could  account  for  the  effect  on  the  heart  of 
stimulating  the  hepatic  nerves. 

Glucose.  Locke  and  Rosenheim  noted  that  when  the  rabbit  heart 
was  perfused  with  oxygenated  Ringer  solution,  the  rate  was  considerably 
augmented  by  the  addition  of  glucose  to  the  solution  (7).  Stimulation 
of  the  hepatic  plexus  will  cause  a  prompt  liberation  of  glucose  from  the 
liver  (3).  It  seemed  possible,  therefore,  that  the  faster  cardiac  rate 
might  be  accoimted  for  by  a  greater  concentration  of  glucose  in  the 
blood  going  to  the  heart.  The  cardiac  rates  per  minute  at  the  times 
indicated  and  the  increments  of  rate  (in  parenthesis)  due  to  uniform 
repetitions  of  hepatic  stimulation,  before  and  after  intravenous  injection 
of  glucose,  are  shown  in  the  following  records: 

January  8.  Cat's  weight,  3.1  k.  At  12.10,  1  cc.  5  per  cent  glucose  injected 
during  13  seconds  into  femoral  vein.    No  change  in  heart  rate. 

February  18.  11:44,  192  (6);  11:50,  189  (4);  12:23,  188  (1).  At  12:27,  10  cc. 
5  per  cent  glucose  injected  into  femoral  vein  during  25  seconds.  12:32, 186  (10); 
12:37, 188  (8),    At  12:39,  20  cc.  5  per  cent  glucose  injected.    12:44,  186  (10). 

February  19.  11:23,  115  (7);  11:27,  124  (10).  At  11:29,  10  cc.  5  per  cent  glu- 
cose injected  into  femoral  vein.     11:31,  124  (12);  11:37,  128  (12);  11:44,  127  (11). 

February  21.  11 :24, 193  (9) ;  11 :51,  209  (3).  At  11 :68, 10  cc.  5  per  cent  glucose 
injected  into  femoral  vein.  12:02,  202  (6);  12:08,  206  (6);  12:15,  200  (2);  12:20, 
200  (4). 

March  24.  Cat's  weight,  3.5  k.  5:33,  198  (10);  5:40,  200  (6);  5:50,  196  (12). 
At  6:00,  5  cc.  5  per  cent  glucose  injected  into  femoral  vein.    6:03,  192  (8). 
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As  the  figures  show,  injection  of  glucose  in  an  amount  which  would 
increase  the  content  in  the  blood  to  a  degree  that  might  result  from 
hepatic  stimulation  (e.g.,  March  24)  failed  to  have  any  effect  on  the 
heart  rate.  And  the  injection  of  much  larger  amounts  (10  or  20  cc.  of 
a  6  per  cent  solution)  in  animals  weighing  about  3  kilos,  likewise  caused 
no  noteworthy  change.  Furthermore,  though  the  experiments  of  Feb- 
ruary 18  and  19  seemed  to  indicate  that  the  glucose  injections  rendered 
hepatic  stimulation  more  effective,  the  later  experiments  did  not.  We 
conclude,  therefore,  that  the  increments  of  heart  rate  due  to  stimulating 
the  hepatic  nerves  are  not  the  consequence  of  liberated  glucose. 

Urea,  The  liver  is  supposed  to  be  the  principal  place  for  the  forma- 
tion of  urea  after  absorption  of  amino  acids  from  the  intestine.  Back- 
man  noted  that  when  he  perfused  a  rabbit  heart  with  2  per  cent  urea  in 
oxygenated  Locke's  solution,  the  heart  beat  was  increased  in  both  ampli- 
tude and  rate  (8).  Though  there  is  no  evidence  that  an  output  of  urea 
from  the  liver  can  be  induced  by  nervous  stimulation,  it  seemed  at 
least  possible  that  discharged  urea  might  account  for  the  faster  heart 
rate  of  hepatic  origin.  To  test  this  possibility  we  injected  urea  into  the 
femoral  vein.  The  cardiac  rates  per  minute  at  the  times  indicated  and 
the  increments  of  rate  (in  parenthesis)  due  to  repeated  stimulations  of 
the  hepatic  nerves,  uniform  in  strength  and  duration,  before  and  after 
the  injection  of  urea,  are  shown  in  the  following  records: 

January  22.  Cat,  3.7  k.  .  11:49,  204  (3);  11:54,  198  (0).  At  12:12  injected 
into  femoral  vein  during  10  seconds  2.25  grams  urea  in  4  cc.  distilled  water.  Heart 
rate  fell,  rose  and  fell  again,  194,  186,  184,  188,  200,  184,  and  at  12:24,  182  (0). 
At  12:29  injected  during  10  seconds  2  grams  urea  in  2.5.cc.  distilled  water.  Heart 
rate  fell  and  rose,  182, 174, 176, 180. 

April  13.  Cat,  3.5  k.  3:17,  186  (6).  At  3:23  injected  into  femoral  vein 
during  2  minutes  10  cc.  5  per  cent  urea  (0.5  gm.)  in  mammalian  Ringer.  No 
inmiediate  change  in  heart  rate.  3:26,  184;  3:30,  188  (8).  Injected  again,  at 
3:34,  10  cc.  5  per  cent  urea,  but  during  20  seconds.  Heart  rate  dropped  18  beats 
per  minute  and  quickly  recovered.    3:35,  192;  3:38,  184;  3:41,  188  (0). 

April  14.  Cat,  3.1  k.  2:16,  188  (4);  2:23,  194  (4).  At  2:33  injected  into 
femoral  vein  during  70  seconds  10  cc.  5  per  cent  urea  in  warm  mammalian  Ringer. 
No  change  in  heart  rate,  which  was  188  beats  per  minute.    2:35, 188;  2:38, 185. 

As  revealed  in  these  observations  the  eflfects  seen  by  us  in  the  cat, 
unlike  those  noted  by  Backman,  show  that  urea  has  either  no  action  on 
the  rate  of  the  isolated  heart  or  a  depressant  action.  Moreover,  in- 
jection of  urea  solutions  did  not  render  hepatic  stimulation  any  more 
efficacious  in  accelerating  the  heart. 
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Catalase.  Burge  has  stated  that,  in  consequence  of  hepatic  stimula- 
tion, catalase  is  given  off  by  the  liver  into  the  blood  stream  (9).  He 
regards  this  as  an  agent  for  increasing  the  rate  of  oxidative  processes  in 
the  body.  Recent  investigations  have  not  shown  any  close  relationship 
between  the  metaboUc  activity  of  organs,  including  the  heart,  and  their 
catalase  content  (10).  Granted,  however,  that  Burge's  claims  are  cor- 
rect that  nervous  influences  cause  the  liver  to  discharge  catalase  and 
that  this  ferment  accelerates  oxidation,  the  faster  heart  rate  after 
hepatic  stimulation  might  be  explained.  It  seemed  to  us,  therefore, 
that  this  possibiUty  should  be  tested.  We  have  tried  the  intravenous 
injection  of  catalase  made  from  the  liver,  after  the  manner  described  by 
Battelli  and  Stem  (11).    The  results  were  as  follows: 

Februarys.  At  11:50,  1  cc.  catalase  solutio/i  (1  cc.  added  to  10  cc.  HiOi 
produced  in  10  minutes  25  cc.  Ot,  at  20°C.  and  757.5  mm.  Hg.  pressure)  injected 
into  femoral  vein;  heart  rate  changed  from  206  to  205  beats  per  minute.  At 
11:56,  2  cc.  of  the  solution,  change  of  cardiac  rate,  204  to  206.  At  12:03,  4  cc, 
rate,  202  to  203.  At  12:20  both  adrenal  glands  removed.  At  12:22,  2  cc.  catalase 
solution,  rate  203  to  200.  At  12:30,  4  cc,  rate  196  to  182.  At  12:38,  2  cc,  rate 
190  to  184.     (Cardiac  rate  dropping  after  adrenalectomy.) 

April  12.  Cat,  3.5k.  At  12:11,  212  (26);  12:17,  212  (12);  12:25, 200,  (8);  12:37. 
188  (10).  At  12:41,  5  cc.  liver  catalase  in  warm  mammalian  Ringer  (1  cc.  liber- 
ated 6  cc.  Oi  from  20  cc.  of  50  per  cent  HgOa  in  10  minutes)  injected  into  femoral 
vein;  heart  rate  changed  from  186  to  184.  12:44,  184.  At  12:47,  10  cc  catalase 
solution  injected;  heart  rate  unchanged,  184.  12:48,  188;  12:52,  188;  12:55,  180 
(10). 

The  foregoing  results  give  no  support  to  the  idea  that  catalase,  in- 
creased in  the  blood  stream,  can  cause  acceleration  of  the  cardiac  rate. 
Even  though  hepatic  stimulation  may  evoke  a  discharge  of  catalase 
from  the  liver,  therefore,  that  would  not  explain  the  faster  heart  beat 
that  occurs. 

Bile.  The  failure  to  find  any  influence  on  the  denervated  heart  of 
substances  known  or  supposed  to  be  given  off  by  the  liver  into  the  blood 
stream  led  us  to  note  the  effect  of  injecting  bile. 

There  was  no  encouragement  in  this  experiment  to  lead  us  to  make 
other  tests. 

November  22.  Cat,  4.8  k.  2:24,  195  (13);  2:33,  194  (14);  2:36,  192  (4);  2:48, 
188  (4);  2:55,  187  (0);  3:10,  188  (4).  At  3:56.  0.75  cc  bile  (taken  from  animal's 
gall  bladder)  injected  into  femoral  vein  during  8  seconds.  Heart  rate  changed 
from  182  to  180  beats  per  minute.  3:59,  179;  4:01,  180.  At  4:07,  1  cc  of  bile 
injected  with  no  change  of  heart  rate,  184  before  and  184  after. 
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The  effect  of  liver  extracts.  Since  extracts  of  the  adrenal 
medulla  are  capable  of  causing  the  changes  produced  by  adrenal  secre- 
tion, it  seemed  possible  that  likewise  a  substance  might  be  extracted 
from  the  liver  that  would  have  the  effects  seen  after  stimulating  the 
hepatic  nerves.  Our  first  attempts  were  directed  toward  obtaining  an 
extract  in  Ringer  solution.  The  liver  was  ground  in  sand  and  allowed 
to  stand  in  the  cold  over  night.  In  no  cases  did  these  simple  extracts 
of  the  liver,  thus  delayed  in  being  tested,  induce  any  acceleration  of  the 
heart  that  was  worthy  of  notice.  We  next  turned  our  attention  to  the 
possibility  of  extracting  by  boiUng  in  weak  hydrochloric  acid  (0.4  per 
cent),  and  nearly  neutralizing  with  sodium  hydrate.  The  filtrate  was 
then  injected,  with  the  following  results: 

January  19.  Cat,  3  k.  At  11:52,  2  cc.  injected  during  10  seconds;  heart  rate 
increased  from  230  to  244  (14  beats  per  minute). 

January  20.  Same  extract  used  January  19.  At  12:03,  2  cc.  injected  in  11 
seconds  raised  the  heart  rate  6  beats,  from  234.  At  12:07, 2  cc.  of  dissolved  aque- 
ous solution  of  the  alcoholic  precipitate  of  the  extract  was  injected;  rate 
unchanged.  Later  the  same  injection  lowered  the  rate  6  beats.  At  12: 12,  injec- 
tion of  2  cc.  of  muscle  extract,  made  by  the  method  used  in  extracting  the  liver, 
increased  the  heart  rate  6  beats,  from  238.  At  12:23,  3  cc.  liver  extract  injected; 
rate  increased  6  beats,  from  240.  Adrenals  removed,  12:43.  At  12:50,  3  cc.  liver 
extract  injected  in  16  seconds;  heart  rate  increased  6  beats,  from  204. 

January  21 .  Cat,  3. 1  k. ,  in  poor  condition.  At  1 1 :  00, 2  cc.  of  the  same  extract 
used  January  19,  injected  during  13  seconds,  increased  the  heart  rate  4  beats, 
from  176. 

January  22.  Cat,  3.7  k.  At  10:22, 1  cc.  of  the  extract  used  January  19,  injected 
during  6  seconds,  increased  the  rate  13  beats,  from  171.  A  solution  of  the  alco- 
holic precipitate  of  the  extract  had  no  effect;  but  the  filtrate,  evaporated  and 
diluted  with  water,  raised  the  rate  8  beats,  from  174  (at  10:35).  At  10:41,  1  cc. 
muscle  extract,  made  as  the  liver  extract  was  made,  had  the  following  effects 
on  the  hfeart  beats  in  three  repeated  injections,  +4,  +1,  —2.  Thereupon,  1  cc. 
liver  extract,  at  11:35,  accelerated  the  heart  15  beats  per  minute,  from  175;  and 
3  cc,  at  12:01,  increased  the  rate  by  39  beats. 

January  25.  Cat,  4.7  k.  At  10:32,  1  cc.  of  the  extract  made  January  19, 
raised  the  heart  rate  26  beats,  from  180.  At  10:38,  a  fresh  liver  extract,  made  in 
the  same  manner  January  24,  raised  the  rate  28  beats  from  178. 

These  results  seemed  very  promising,  and  we  thought  that  we  had  a 
substance  which  was  peculiar  to  the  liver  in  accelerating  the  pulse. 
It  was  unlike  hepatic  stimulation,  however,  in  that  it  caused  a  fall  of 
blood  pressure  instead  of  a  rise.  That  was  suspicious.  In  order  to 
make  sure  whether  liver  extracts  were  peculiar  in  accelerating  the  de- 
nervated  heart  we  made,  on  January  25,  fresh  extracts  of  liver,  pancreas, 
intestinal  mucosa,  gastric  mucosa,  salivary  gland  and  skeletal  muscle. 
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In  each  case  the  tissue  was  minced,  ground  in  sand,  boiled  in  5  parts  of 
0.4  per  cent  hydrochloric  acid,  nearly  neutralized  (while  boiling)  with 
sodium  hydrate,  and  then  filtered.  Thus  all  the  tissues  were  treated 
alike.  When  a  imiform  amoimt  (1  cc.)  of  each  of  these  extracts  was 
injected  (Jan.  26),  the  cardio-acceleration  caused  by  each  in  succession 
was  remarkably  uniform.  E.g.,  liver,  4  beats  per  minute;  salivary 
gland,  5;  gastric  mucosa,  5;  pancreas,  5;  intestinal  mucosa,  8;  muscle, 
4;  liver  again,  4.  From  these  results  we  concluded  that  liver,  extracted 
in  the  maimer  described,  yielded  no  peculiar  substance  affecting  the 
denervated  heart.  We  were  thus  blocked  from  progress  in  that 
direction. 

After  these  observations  had  been  made  we  foimd  that  simple  ex- 
tracts of  the  liver  in  Ringer  solution,  if /resft,  would  accelerate  the  pulse. 
To  obtain  material  we  tied  off  with  a  strip  of  gauze  the  tip  of  one  of  the 
liver  lobes  and  cut  it  away  without  any  bleeding.  It  was  then  promptly 
weighed,  groimd  in  sand,  mixed  with  the  salt  solution  in  the  ratio  of  one 
part  liver  substance  to  five  parts  Ringer,  and  filtered  through  cotton. 
We  foimd  in  our  first  test  that  5  cc.  increased  the  heart  rate  6  beats  per 
minute  and  caused  also  a  rise  of  blood  pressure.  Extract  of  spleen 
made  in  the  same  maimer  increased  the  rate  only  one  beat.  Hepatic 
stimulation  caused  increments  of  4,  6  and  9  beAts.  Here  were  effects  of 
injection  that  corresponded  closely  with  the  effects  of  stimulation. 
Again  the  results  seemed  favorable  to  some  explanation.  On  extending 
our  tests  and  comparisons,  however,  we  soon  foimd  that  although 
extracts  of  spleen,  intestinal  mucosa  and  lymph  gland,  all  made  in  the 
standard  way,  usually  had  less  effect  than  liver  extracts,  a  preparation 
of  salivary  gland  was  commonly  most  effective  of  all  in  speeding 
up  the  heart.  E.g.,  on  December  15,  5  cc.  each  of  extracts  of  the 
following  tissues  (1  part  in  5  of  Ringer  solution)  increased  the  pulse 
rate  as  indicated:  liver,  12  beats;  spleen,  6;  intestinal  mucosa,  6;  lymph 
gland,  8.  On  the  other  hand,  when  (Dec.  17)  liver  quickened  the  pulse 
26  beats,  and  spleen  8,  salivary  gland  quickened  it  by  44.  Though  this 
is  true,  stimulation  of  the  chorda  tympani  nerve  is  not  accompanied  by 
any  faster  heart  rate. 

It  may  be  that  all  these  tissue  extracts  influence  the  heart  by  changing 
the  blood.  We  have  found  that  extracts  of  clotted  blood  prepared  as 
were*  the  extracts  of  tissues  mentioned  above  produce  cardiac  accelera- 
tion, and  further,  that  blood  approaching  coagulation  has  that  effect. 
But  in  almost  every  instance,  when  the  preparation  of  tissues  or  blood 
is  injected,  whether  rapidly  or  slowly,  the  blood  pressure  is  lowered. 
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This  is  different  from  hepatic  stimulation.  In  a  former  paper  (1,  p. 
359)  reasons  were  given  for  regarding  the  rise  of  arterial  pressure  and 
the  faster  heart  rate  which  result  from  hepatic  stimulation,  as  both  being 
due  to  an  agent  carried  from  the  liver  to  the  heart  in  the  blood  stream. 
If  that  reasoning  was  correct  the  agent  must  be  different  from  these 
extracts — a  peculiar  substance,  not  only  quickening  the  pulse  but  also 
raising  pressure. 

General  coNsroERATiONS.  We  have  hesitated  to  infer  that  the 
hepatic  agent  is  a  new  internal  secretion.  In  an  earlier  communicatioli, 
presented  when  we  had  evidence  that  in  some  instances  injection  of 
amino  acids  into  the  intestines  would  render  hepatic  stimulation  more 
effective  (see  p.  549),  and  when  also  we  had  noted  the  accelerator  in- 
fluence of  tyrosine,  we  drew  the  tentative  conclusion  that  the  effects 
observed  are  probably  not  due  to  a  true  internal  secretion  produced 
by  the  liver,  but  to  a  discharge  from  its  cells  of  amino  acids,  or  amines, 
which  are  sjrmpatho-mimetic  in  action  (12).  Fiurther  experimentation, 
however,  as  detailed  above,  has  led  us  to  the  inference  that  the  cardio- 
accelerator  and  pressor  factor  is  not  some  digestive  product  let  pass 
through  the  liver  when  the  nerves  are  stimulated,  or  quickly  freed  from 
the  hepatic  cells  under  nervous  stimulation,  but  that  it  is  a  material 
elaborated  in  the  liver.  A  study  of  the  action  of  known  liver  products 
does  not  permit  us  to  attribute  to  any  one  of  them  the  observed  effects. 
After  a  survey  of  all  the  facts  we  do  not  at  present  see  any  other  assump- 
tion to  make  than  that  a  substance  of  special  and  unknown  nature  is 
discharged  by  the  liver  cells  into  the  blood  stream  when  the  hepatic 
nerves  are  excited. 

Unfortunately,  our  experiments  have  told  us  what  the  hepatic  agent 
is  not,  but  have  given  us  almost  no  indication  of  what  it  is.  In  1914, 
Berg  (13)  reported  that  in  the  liver  cells  of  well-nourished  animals  (sala- 
manders, rabbits)  there  are  numerous  small  masses  or  droplets  which 
are  lacking  in  fasting  animals,  and  that  they  appear  when  protein,  but 
not  when  carbohydrate  or  fat,  is  fed.  A  positive  test  with  Millon's 
reagent  proved  them  to  be  protein  in  nature — differing  from  the  pro- 
tein of  the  cell  in  morphological  characters  and  constituting  a  protein 
storage.  In  1920,  Stiibel  (14)  confirmed  Berg's  results  and  foimd  that 
this  stored  protein  could  be  greatly  reduced  in  the  liver  cells  by  injecting 
adrenalin  subcutaneously.  Since  adrenalin  mimics  the  action  of  sym- 
pathetic impulses  and  since  the  hepatic  agent  is  liberated  when  the 
splanchnic  sympathetics  are  stimulated,  it  is  possible  that  the  minute 
protein  masses  observed  by  Berg  represent  the  stored  cardio-accelerator 
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and  pressor  factor.  In  this  connection  the  diminishing  effect  of  re- 
peated stimulation  of  the  hepatic  nerves  in  om*  experiments  is  of  interest. 
This  was  a  common,  though  not  an  invariable,  observation.  Examples 
of  it  are  as  follows:  April  6,  increments  of  26-12-22-7-8-6  beats  per 
minute;  April  12,  26-12-8-10-10-8-8-4-8;  April  14,  18-16-8-10-12- 
4-4;  April  16,  8-0-1-3;  May  6,  with  secondary  coil  6  cm.  out,  20-15-6- 
4-2,  then  with  coil  4  cm.  out,  16-10-2-4;  November  22,  13-14-4-4-4; 
December  20,  10-11-7-6;  December  22,  32-28-20-20-10.  These  re- 
ductions in  the  efficacy  of  hepatic  stimulation  could  be  explained  on  the 
assumption  that  the  liver  cells  become  gradually  discharged  of  their 
storage  of  cardio^ccelerator  material  and  that  they  require  more  time 
than  we  gave  them  to  elaborate  it  again. 

Cannon  and  Mendenhall  have  noted  that  adrenalin  injected  into  the 
circulation  shortens  the  clotting  time,  if  the  blood  is  circulating  through 
the  abdominal  organs  but  not  if  the  flow  is  confined  to  the  anterior  part 
of  the  animal  (15).  Foster  and  Whipple  have  lately  brought  forward 
evidence  that  the  liver  is  the  actively  productive  source  of  fibrinogen  in 
the  body  (16),  and  also  that  diets  rich  in  animal  protein  favor  a  high 
level  of  blood  fibrin  as  contrasted  with  fasting,  or  with  diets  of  carbo- 
hydrate or  fat.  These  observations  suggest  that  the  liver  contains 
material  favorable  to  blood  clotting  that  can  be  brought  out  by  stimu- 
lating the  nerve  supply  of  the  organ.  And  it  may  be  that  this  material 
or  the  blood  altered  by  its  presence  induces  a  more  rapid  heart  rate  and 
a  slightly  higher  arterial  pressure.  These  are  only  indefinite  hints, 
however,  and  further  elaboration  of  them  would  be  futile  in  the  absence 
of  pertinent  observations. 

SUMMARY 

Stimulation  of  the  inferior  vena  cava  does  not  accelerate  the  dener- 
vated  heart.  The  accelerator  agent,  appearing  when  the  hepatic  nerves 
are  stimulated  must,  therefore,  be  conveyed  in  the  blood  stream. 

The  accelerator  effect  can  be  produced  by  reinjecting  into  the  inferior 
vena  cava  blood  drawn  from  the  hepatic  veins  during  stimulation. 

The  occurrence  of  a  faster  beat,  though  the  hepatic  artery  or  the 
portal  vein  is  closed,  proves  that  the  acceleration  is  not  due  to  failure 
of  the  liver,  during  stimulation,  to  protect  the  heart  from  an  accelerator 
substance  absorbed  irom  the  intestines. 

Feeding  carbohydrate  or  fat  is  without  influence  on  the  effectiveness  of 
hepatic  stimulation  in  evoking  a  faster  beat  of  the  denervated  heart. 
As  a  rule  the  stimulation  is  most  effective  when  meat  or  milk  has  been 
fed  and  the  animal  is  digesting  meat. 
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Intrarintestinal  injection  of  mixed  amino  acids  occasionally  renders 
hepatic  stimulation  more  effective,  but  the  results  are  not  constant. 

Injection  of  glycocoll,  alanine,  cystine,  tryptophane,  cysteine,  leucine, 
asparagine,  glutamic  acid,  aspartic  acid  and  phenyl-alanine  into  the 
femoral  vein  is  without  noteworthy  effect  on  the  heart  rate.  Tyrosine 
(saturated  solution  in  mammalian  Ringer)  can  increase  the  rate.  But 
neither  this  intravenous  injection  nor  introduction  of  tyrosine  into  the 
intestine  causes  hepatic  stimulation  to  be  more  effective.  The  same 
is  true  of  tyramine.  The  hepatic  agent,  therefore,  appears  to  be  not  an 
immediate  product  of  digestion,  but  some  material  elaborated  by  the 
liver  in  the  course  of  time. 

Of  the  known  or  supposed  liver  products  neither  glucose,  nor  urea, 
nor  catalase,  nor  bile  causes  acceleration  of  the  denervated  heart. 

Fresh  liver  extracts  in  mammalian  Ringer  solution  or  acid  extracts 
accelerate  the  pulse,  but  so  do  similar  extracts  of  other  organs,  and 
especially  the  salivary  glands. 

We  conclude  that  a  substance  of  special  and  unknown  nature,  which 
increases  the  rate  of  the  denervated  heart  and  raises  blood  pressure,  is 
discharged  into  the  blood  stream  when  the  hepatic  nerves  are  stimu- 
lated. The  possibility  that  this  substance  is  related  to  the  protein 
masses  stored  in  liver  cells  (Berg)  and  discharged  by  adrenalin  (Stubel) 
is  considered. 
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In  a  previous  paper  (1)  it  was  pointed  out  that  stimuli  produced  by 
a  tetanizing  current  of  sufficient  intensity  to  elicit  any  vascular  reflex 
from  the  central  end  of  the  cat's  thoracic  sympathetic  nerve,  divided 
just  above  the  diaphragm  and  composed  chiefly  of  fibers  destined  for 
the  splanchnic  nerve,  resulted  invariably  in  a  rise  of  blood  pressure. 
This  is  just  the  opposite  of  the  eflfect  obtained  from  central  stimulation 
of  the  splanchnic  nerve  or  thoracic  sympathetic  trunk  in  the  dog.  Auer 
and  Meltzer  (2)  never  obtained  a  rise  in  blood  pressure  from  stunula- 
tion  of  the  dog's  splanchnic  nerve,  but  rather  drops  amounting  in  some 
cases  to  as  much  as  60  mm.  Hg.  Burton-Opitz  (3)  also  found  that  the 
characteristic  reflex  from  stimulation  of  the  central  end  of  the  dog's 
thoracic  sympathetic  nerve  was  a  marked  drop  in  blood  pressure  and 
he  regards  the  splanchnic  nerve  as  the  depressor  nerve  for  the  abdominal 
viscera.  It  was  also  concluded  that  the  visceral  afferent  pathway 
producing  vasomotor  reflexes  probably  consists  of  relays  of  short  fibers 
with  synapses  in  the  gray  matter  of  the  spinal  cord. 

Obviously,  the  results  obtained  by  stimulation  of  the  thoracic  sym- 
pathetic nerve  with  a  tetanizing  current  immediately  suggested  the 
investigation  of  the  use  of  a  slowly  interrupted  faradic  current  upon 
this  nerve.  Hunt  (4)  first  called  attention  to  the  fact  that  weak  stimu- 
lation of  an  afferent  somatic  nerve  ehcited  a  fall  in  blood  pressure. 
Gruber  (5)  and  Gruber  and  Kretschmer  (6),  working  upon  the  somatic 
nerves  of  cats  anesthetized  with  urethane,  showed  that  weak  faradic 
stimuU  with  four  interruptions  per  second,  resulted  in  a  drop  in  blood 
pressure  in  each  instance,  and  that  stronger  stimuli  with  one  interrup- 
tion per  second  gave  a  depressor  response  in  93  per  cent  of  the  experi- 
ments.   These  results  upon  the  somatic  depressor  reflex  were  verified 

by  Vincent  and  Ogata  (7). 
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Technique.  Full-grown  cats  were  used  in  these  experiments  to 
avoid  variation  in  results  due  to  age.  The  animals  were  anesthetized 
with  urethane  injected  intraperitoneally.  The  dosage  of  the  drug 
administered  was  3  cc.  per  kilogram  of  body  weight.  Each  3  cc.  of 
the  solution  contained  0.75  gram  of  the  drug. 

After  isolating  the  brachial  nerves  in  one  extremity  and  preparing 
them  for  stimulation  of  their  central  ends,  the  carotid  artery  was  pre- 
pared for  blood  pressure  tracing  and  the  vagi  nerves  divided.  A  tra- 
cheal cannula  was  then  inserted  and  connected  with  an  automatic 
compressed  air  machine  which  gave  an  interrupted  supply  of  air  at 
intervals  corresponding  to  the  normal  respiratory  rate. 

To  the  cylinder  which  interrupted  the  air  supply  we  attached  a  fiber 
wheel  into  which  brass  pegs  had  been  driven  at  definite  intervals  upon 
its  circumference.  Each  peg  successively  made  contact  with  a  spring 
to  the  end  of  which  was  attached  a  platinum  needle.  As  each  peg 
depressed  the  spring,  the  end  of  this  platiniun  needle  made  contact 
with  a  cup  of  mercury.  This  entire  apparatus  was  connected  into  the 
stimulating  circuit.  When  the  circuit  key  was  closed  a  single  stimulus 
would  result  each  time  contact  was  made  into  the  cup  of  mercury.  We 
so  regulated  the  speed  of  the  revolutions  of  the  wheel  that  the  stimuU 
occurred  twice  per  second. 

After  mass  ligation  of  the  vessels  in  the  chest  wall,  the  thorax  was 
opened  upon  one  side  parallel  to  the  course  of  the  seventh  or  eighth 
rib.  The  splanchnic  nerve  was  then  isolated  just  before  it  pierced  the 
diaphragm,  ligated  and  divided  distally.  The  filament  representing 
the  thoracic  sympathetic  trunk  below  the  point  where  the  splanchnic  is 
given  off  was  cut,  as  were  the  rami  communicantes  of  the  tenth  dorsal 
to  the  thirteenth  dorsal  segments  inclusive.  The  splanchnic  nerve 
and  the  lower  portion  of  the  thoracic  sympathetic  trunk,  with  which  it 
is  continuous,  could  then  be  raised  by  traction  on  the  ligature  at  the 
time  of  stimulation.  The  usual  precautions  were  taken  to  protect 
the  nerve  when  we  were  not  stimulating. 

Results.  The  results  obtained  in  the  experiments  upon  ten  cats  were 
used  as  the  basis  for  this  article.  Five  other  cats  were  used  in  this 
investigation  but  only  upon  these  ten  were  depressor  responses 
obtained  from  slowly  interrupted  stimulation  of  the  brachial  nerves 
and  therefore  these  serve  as  a  control  of  our  results. 

However,  in  all  fifteen  cats  stimulation  of  the  thoracic  sympathetic 
nerve  by  a  slowly  interrupted  current  of  sufiicient  strength  to  elicit 
any  reaction  resulted  in  a  pressor  response.    As  will  be  seen  in  figure 
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1,  this  response  is  similar  to  that  obtained  by  the  use  of  a  tetanizing 
stimulus.  This  tracing  also  shows  the  typical  depressor  reaction 
resulting  from  stimulation  of  the  brachial  nerves  with  a  slowly  inter- 
rupted current  of  the  same  strength. 

In  none  of  the  animals  experimented  upon  was  a  drop  in  blood  pres- 
sure obtained  from  slowly  interrupted  stimulation  of  the  central  end 
of  the  thoracic  sympathetic  nerve. 


Fig.  1.  Tracing  showing  the  blood  pressure  response  from  stimulation  of  the 
central  ends  of  the  brachial  and  thoracic  sympathetic  nerves  of  the  cat  with  a 
slowly  interrupted  faradic  current. 

Discussion,  In  the  dog,  stimulation  of  the  central  end  of  the  vagus 
usually  causes  a  pressor  response,  while  in  the  cat  the  same  stimulus 
causes  a  drop  in  blood  pressure.  On  the  other  hand,  the  dog's  splanch- 
nic nerve  gives  a  reflex  resembling  that  obtained  from  the  depressor 
nerve,  while  even  with  slowly  interrupted  stimuli  the  cat's  splanchnic 
nerve  is  able  to  produce  only  a  pressor  reflex.  This  would  seem  to 
indicate  that  the  connections  which  these  nerves  have  with  the  vaso- 
motor centers  is  radically  different  in  these  two  manunals. 
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Whereas  in  the  cat  a  somatic  nerve  may  yield  pressor  or  depressor 
reflexes  under  appropriate  stimulation,  the  thoracic  sympathetic  nerve 
of  this  animal  under  these  same  conditions  elicits  only  a  pressor  re- 
sponse. It  will  be  recalled  from  the  work  of  Ranson  (8)  that  the  somatic 
pressor  path  consists  of  short  fibers  in  the  tract  of  Lissauer  and  the 
apex  of  the  posterior  horn  and  that  these  chains  of  short  neurons  un- 
doubtedly have  many  synapses.  Very  strong  stimuU  or  rapidly  re- 
peated stimuU  of  moderate  strength  are  necessary  to  break  down  the 
high  synaptic  resistance  in  the  somatic  pressor  path.  On  the  other  hand 
we  have  shown  that  the  visceral  afferent  pathway  probably  consists  of 
relays  of  short  fibers  with  many  synapses  in  the  gray  matter  of  the 
spinal  cord,  yet  those  synapses  are  broken  down  by  a  slowly  interrupted 
weak  stimulus  resulting  in  a  pressor  response. 

CONCLUSIONS 

1.  Central  stimulation  of  the  lower  end  of  the  thoracic  sympathetic 
nerve  of  the  cat  by  a  slowly  interrupted  faradic  stimulus  elicits  a  rise 
in  blood  pressure,  although  a  similar  stimulus  of  the  brachial  nerves 
causes  a  drop. 

2.  Stimulation  of  the  central  end  of  the  dog's  splanchnic  nerve  >delds 
a  depressor  reaction  while  stimulation  of  the  same  nerve  in  the  cat 
elicits  a  pressor  response. 

.  3.  The  synapses  in  the  visceral  afferent  pathway  of  the  spinal  cord 
of  the  cat  are  easily  broken  down  by  slowly  interrupted  faradic  stimuli 
of  moderate  or  weak  strength  resulting  in  a  pressor  response. 

4.  Slowly  interrupted  faradic  stimulation  of  the  brachial  nerves  of 
the  cat  results  in  a  depressor  response  which  corroborates  the  work 
of  Gruber. 
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The  normal  urine  of  human  beings  yields  pentabromacetone  when 
treated  by  the  method  used  by  Kunz  (11)  for  the  determination  of  citric 
acid  in  wines.  Briefly  the  method  is:  Potassium  bromid  and  sulfuric 
acid  are  added  to  urine  and  the  mixture  heated  to  just  below  55**C. 
A  solution  of  potassium  permanganate  is  added  slowly.  When  the 
reaction  is  completed  the  solution  is  cleared  with  ferrous  sulfate.  A 
crystalline  precipitate  of  pentabromacetone  is  deposited.  The  method 
is  fairly  accurate  for  quantitative  determinations  of  citric  acid,  if  a 
correction  is  applied.  Amberg  and  McClure  (2)  foimd  that  if  a  volume 
of  50  cc.  is  used  it  is  necessary  to  add  about  5.5  mgm.  citric  acid 
(CeHsOT.HjO)  to  the  end  result.  Urine  also  gave  a  positive  test  when 
subjected  to  the  treatment  used  by  Salant  and  Wise  (14)  for  the  demon- 
stration of  citric  acid  in  urine.  This  treatment  makes  use  of  the  Deni- 
gte  reaction  (6),  (7).  A  solution  of  citriq  acid  is  heated  after  the  addi- 
tion of  a  solution  of  mercuric  sulfate  in  sulfuric  acid.  The  addition 
of  potassium  permanganate  drop  by  drop  to  the  hot  solution  causes 
the  formation  of  a  white  precipitate.  Acetonedicarboxylic  acid,  formed 
by  the  action  of  the  potassium  permanganate  on  citric  acid,  in  the 
presence  of  nascent  bromine  is  transformed  to  pentabromacetone 
while  in  the  presence  of  mercuric  sulfate  it  forms  an  insoluble  mercury 
compound.  The  results  of  Amberg  and  McClure  indicated  the  pres- 
ence of  a  substance  in  urine  which  readily  yields  acetonedicarboxylic 
acid.  None  of  the  substances  hitherto  known  to  occur  in  urine  had 
been  shown  to  possess  this  property.  Because  acetonedicarboj^^lic  acid 
is  a  characteristic  product  of  citric  acid  cleavage  and  because  citric 
acid,  a  normal  constituent  of  milk  of  the  hiunan  being,  is  not  foreign  to 
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the  organism^  it  was  concluded  that  the  acetonedicarboxylic  acid  was 
derived  from  citric  acid.  The  proof  was  not  absolutely  unquestionable 
and  the  present  study  was  undertaken  to  substantiate  further  the  con- 
clusion by  the  isolation  of  citric  acid  with  the  formation  of  characteristic 
salts  and  by  elementary  analyses.  In  this  we  were  not  successful, 
but  the  results  of  our  experiments  support,  the  conclusion  that  citric 
acid  is  a  constituent  of  the  urine  of  normal  human  beings.  After 
a  number  of  preliminary  experiments  the  following  procedure  for  the 
attempted  isolation  of  citric  acid  was  adopted. 

If  the  urine  is  strongly  acid  its  acidity  is  reduced  to  weakly  acid 
reaction  (litmus)  with  sodium  hydroxid.  Lead  acetate  is  added  to 
slight  excess  and  then  ammonium  hydroxid  to  strongly  alkaline  reac- 
tion. The  mixture  is  repeatedly  stirred  for  about  12  hours  when  the 
precipitate  is  filtered  off  and  washed  by  being  taken  up  in  water  alka- 
line with  ammonium  hydroxid.  The  filtrates  are  evaporated  over  a 
free  flame  to  convenient  volume;  the  reaction  becomes  acid  during 
evaporation.  The  solution  is  freed  from  lead  by  treatment  with  hydro- 
gen sulfid  and  the  filtrate  and  washwater  from  the  lead  sulfid  is  evapo- 
rated to  a  sjrrup,  with  loss  of  the  excess  hydrogen  sulfid.  Some  cr>^s- 
talline  material  separates  which  is  filtered  off  and  freed  from  adhering 
mother  liquor  by  washing  with  ice-cold  water.  The  precipitate  is 
discarded.  Barium  acetate  (30  per  cent)  is  added  to  the  thin  syrupy 
solution  until  no  more  precipitate  is  formed.  Sometimes  barium 
hydroxid  was  added  to  weakly  alkaline  reaction,  but  this  was  not 
found  to  be  of  special  advantage.  After  the  addition  of  95  per  cent 
alcohol,  two  to  three  times  the  volume,  the  precipitate  is  allowed  to  settle. 
The  supernatant  fluid  is  syphoned  off,  the  precipitate  is  repeatedly 
washed  with  50  per  cent  alcohol,  and  is  finally  collected  on  a  filter. 
The  precipitate  is  extracted  two  or  three  times  with  hot  water  acidified 
with  ortho  phosphoric  acid,  and  filtered  off  after  each  extraction.  The 
filtrates  are  evaporated  to  a  small  volume  and  treated  with  moderate 
excess  of  sulfuric  acid.  Plaster  of  Paris  is  added,  and  the  evaporation 
continued  to  dryness.  The  residue  is  divided  as  finely  as  possible  with 
a  spatula  and  extracted  with  ether  in  a  Soxhlet  apparatus,  in  which 
the  ether  is  renewed  several  times.  The  ether  extract  is  evaporated 
and  the  residue  taken  up  in  water  and  filtered  from  some  sticky 
material  which  is  discarded.  The  filtrate  contains  phosphoric  and 
sulfuric  acids.  Therefore,  lead  carbonate  is  added  in  as  slight  excess 
as  possible,  the  liberated  carbon  dioxid  is  boiled  out  and  ammonia  is 
added  to  make  the  solution  about  2  per  cent.    The  mixture  is  left 
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standing  a  day  or  more,  repeated  shaking  being  necessary,  or  it  is  heated 
with  ammonia,  filtered,  and  the  precipitate  taken  up  several  times  in 
ammoniacal  water  and  filtered.  On  evaporation  the  solution  becomes 
acid,  and  it  is  free  from  phosphoric  and  sulfuric  acids.  The  lead  is 
removed  with  hydrogen  sulfid  and  the  filtrate  from  the  lead  sulfid  is 
evaporated  to  dryness.  The  residue  is  redissolved  in  water  and  filtered 
from  a  small  amoimt  of  undissolved  material.  The  color  of  this 
solution  is  usually  light  yellow;  sometimes  it  is  rather  highly  colored. 
If  this  is  the  case,  it  is  heated  with  a  small  amount  of  animal  charcoal. 
This  is  to  be  avoided  if  possible,  since  animal  charcoal  absorbs  citric 
acid.  The  strongly  acid  solution  is  neutralized  approximately  with 
sodium  hydroxid  and  treated  with  barium  acetate  solution  until  no 
more  precipitate  forms.  The  precipitate  is  collected  and  washed  with 
graded  dilutions  of  alcohol.    This  precipitate  is  the  crude  product. 

From  an  accumulation  of  urine  6.8  grams  of  this  crude  product  were 
obtained.  Calculated  from  the  amount  of  pentabromacetone  obtained 
from  part  of  it,  it  contained  at  least  the  equivalent  of  1.6  grams  of  citric 
acid;  that  is,  about  one-half  of  it  may  have  been  barium  citrate. 

For  further  purification  the  crude  product  is  again  extracted  with 
water  acidified  with  phosphoric  acid.  The  filtrates  are  evaporatecj  to 
a  small  volume  and  5  per  cent  solution  of  mercuric  sulfate  in  sulfuric 
acid  is  added  until  no  more  precipitate  is  formed.  The  precipitate  is 
discarded.  Mercury  is  removed  from  the  filtrate  by  treatment  with 
hydrogen  sulfid,  excess  of  which  is  removed  by  boiling,  the  mercuric 
sulfid  is  filtered  off  and  the  filtrate  is  treated  with  lead  carbonate  as 
before.  On  evaporation,  the  ammoniacal  filtrate  becomes  acid  and  a 
small  amoimt  of  white  precipitate  separates.  This  is  collected  sepa- 
rately (A),  and  separated  from  the  filtrate  (B).  (A)  is  washed  well 
with  water,  taken  up  in  water,  and  treated  with  hydrogen  sulfid.  The 
filtrate  is  freed  from  hydrogen  sulfid  by  evaporation  and  the  residue 
is  taken  up  in  water.  On  the  addition  of  barium  chlorid  to  the  acid 
solution,  some  precipitate  forms.  Barium  chlorid  is  added  very  care- 
fully until  the  solution  does  not  give  any  further  precipitate,  nor  react 
with  sulfuric  acid.  The  precipitate  is  filtered  off,  the  filtrate  evapo- 
rated to  dryness  and  the  residue  extracted  with  alcohol.  On  evapo- 
ration the  alcoholic  solution  becomes  a  syrup  which  leaves  very  little 
residue  when  taken  up  in  water;  the  residue  is  removed  by  filtration. 
To  the  strongly  acid  solution  barium  acetate  is  added.  A  snow-white 
precipitate  forms,  dissolves,  and  reforms  on  addition  of  more  barium 
acetate,  as  happens  on  addition  of  barium  acetate  to  citric  acid. 
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Dried  in  a  desiccator  over  sulfuric  acid  this  white  precipitate  obtained 
from  the  crude  product  weighed  101.8  mgm.  On  drying  at  163°C. 
it  lost  7  mgm.  of  water.  Ninety-four  and  eight-tenths  milligrams  of 
the  dry  substance  yielded  on  analysis  79.5  mgm.  barium  sulfate  which 
corresponds  to  89.7  mgm.  of  dry  barium  citrate  and  it  gave  an  equiva- 
lent amount  of  pentabromacetone. 

The  bulk  of  the  filtrate  (B)  from  the  lead  carbonate  is  evaporated 
further  and  more  precipitate  forms.  The  lead  is  removed  from  the 
precipitate  suspended  in  the  solution  and  the  filtrate  is  evaporated  to 
a  small  volume.  A  solution  of  barium  chlorid  carefully  is  added  until 
no  more  precipitate  forms.  The  filtrate  from  this  precipitate  is  evap- 
orated to  dryness,  taken  up  in  water,  filtered  from  a  small  residue  and 
precipitated  with  barium  acetate.  After  the  precipitate  was  washed 
with  water,  dilute  alcohol  and  strong  alcohol,  it  weighed  approxi- 
mately 0.6  gram. 

There  is  scarcely  a  step  in  the  procedure  which  does  not  entail  some 
loss,  a  conclusion  drawn  from  the  positive  Denigfes'  reactions  of  the 
filtrates  and  washings.  The  substance  used  for  the  analyses  was  not 
quite  pure,  but  we  decided  to  use  it  rather  than  to  lose  it  all  by  further 
efforts  at  purification. 

It  is  known  that  citric  acid  heated  with  strong  sulfuric  acid  gives 
off  carbon  monoxid,  molecule  for  molecule.  If  the  heating  is  done  in  a 
current  of  carbon  dioxid,  the  carbon  monoxid  can  be  collected  over 
potassium  hydroxid  permitting  a  quantitative  determination  of  citric 
acid  (16).  If  a  substance  gives  pentabromacetone  and  carbon  monoxid 
in  equivalent  amounts,  it  may  be  assumed  that  this  substance  is  citric 
acid.     The  carbon  monoxid  determination  was  carried  out  as  follows: 

The  dry  substance  is  placed  in  a  small  Erlenmeyer  flask  and  is  mois- 
tened with  water.  The  flask  is  closed  with  a  three-hole  rubber  stopper, 
connected  by  one  glass  tube  to  the  carbon  dioxid  generator,  and  by 
another  to  a  gasometer  charged  with  50  per  cent  potassium  hydroxid. 
From  a  small  separatory  funnel,  inserted  through  the  stopper,  concen- 
trated sulfuric  acid  is  dropped  into  the  flask  which  is  then  heated  on  a 
water  bath  over  an  asbestos  plate;  the  liberated  gases  pass  into  the 
gasometer  with  the  current  of  carbon  dioxid.  One  to  two  hours  after 
the  collection  of  the  gas,  the  volume  is  read;  the  gas  is  then  transferred 
to  an  absorber  filled  with  ammoniacal  cuprous  chlorid  solution,  and  the 
carbon  monoxid  absorbed.  The  gas  remaining  is  transferred  to  a 
measuring  apparatus  filled  with  water,  in  order  to  determine  the 
necessary  correction. 
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For  our  purposes  an  apparatus  was  devised  to  facilitate  the  handling 
of  small  volumes  of  gas  without  loss  (fig.  1).  The  gas  liberated  in  the 
reaction  is  collected  in  a  nitrometer  over  50  per  cent  potassiiun  hydroxid. 

When  the  gas  is  to  be  transferred  to  the 
absorber,  the  capillary  glass  tube  adjoining 
*"  the  stopcock  of  the  nitrometer  is  filled  with 

water.  A  short  gasometer  is  fitted  to  this 
glass  tube  with  a  rubber  stopper.  Leading 
off  from  a  small  trough  at  the  bottom  of 
this  gasometer  is  a  side  tube  to  which  the 
rubber  tube  of  a  levelling  bulb  is  attached. 
This  gasometer  is  filled  with  ammoniacal 
cuprous  chlorid  solution  from  the  levelling 
bulb,  which  is  then  lowered.  The  gas  is 
transferred  to  the  absorbing  gasometer  with 
the  levelling  bulb  of  the  potassiimi  hydroxid 
gasometer.  The  apparatus  is  sufficiently 
elastic  to  permit  considerable  shaking. 
When  the  absorption  is  complete  a  second 
short  gasometer  filled  with  water  can  be 
attached,  and  any  remaining  gas  can  be 
transferred  and  the  volume  read.  The 
apparatus  could  easily  be  modified  to  meet 
special  demands. 

For  the  determination  of  carbon  monoxid 
0.1736  gram  of  the  air  dry  barium  precipi- 
tate was  used,  giving  0.0107  gram  of  carbon 
monoxid,  an  amount  equivalent  to  80.3 
mgm.  of  citric  acid  (calculated  C6H8O7.H2O). 
In  detenninations  of  pentabromacetone  the 
f  Gooch  crucibles  containing  the  pentabrom- 

acetone   precipitates    were    weighed    after 
drying  24  hours  in  a  desiccator  over  con- 
centrated sulfuric  acid.    The  pentabromace- 
tone was  washed  from  the  crucibles  with 
acetone,  the  crucible  was  dried  and  weighed 
again  and  thus  possible  errors  from  acetone 
insoluble  impurities  were  avoided.     For  this  detennination  0.143  gram 
of  the  purified  substance  was  taken;  the  yield  of  pentabromacetone 
was  equivalent  to  65.3  mgm.  of  citric  acid. 


Fig.  1.  Apparatus  devised 
for  the  determinations  of 
small  amounts  of  carbon 
monoxid. 
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It  has  been  stated  that  the  barium  precipitate  does  not  represent 
pure  barium  citrate.  Before  preparing  the  pentabromacetone  the 
barium  was  precipitated  and  111.6  mgm.  barium  sulfate  were  ob- 
tained. This  amount  is  equivalent  to  136  mgm.  barium  citrate,  with 
3i  molecules  water  of  crystallization.  The  pentabromacetone  obtained 
corresponds  to  132.6  mgm.  of  barium  citrate,  while  143  mgm.  of  the 
barium  precipitate  was  used.  The  carbon  monoxid  is  equivalent  to 
163.1  mgm.  barium  citrate,  while  173.6  mgm.  of  the  barium  precipitate 
was  used.  The  amoimt  of  citric  acid  which  should  be  present  in  173.6 
mgm.  of  the  barium  precipitate  calculated  from  the  amount  of  penta- 
bromacetone found  in  143  mgm.  of  the  substance  is  79.3  mgm.,  while 
with  the  carbon  monoxid  method  80.3  mgm.  were  found.  The  remain- 
ing part  of  the  barium  precipitate  was  dried  at  164®C.;  119  mgm.  yielded 
8.16  mgm.  carbon  monoxid,  an  amount  equivalent  to  61.2  mgm.  of 
citric  acid;  127  mgm.  yielded  an  amount  of  pentabromacetone  equiva- 
lent to  63.2  mgm.  citric  acid.  The  amount  of  citric  acid  to  be  expected 
in  119  mgm.  of  material  is  59.3  mgm.  calculated  from  the  pentabromace- 
tone obtained  from  127  mgm.,  while  with  the  carbon  monoxid  method 
61.2  mgm.  were  found. 

Some  test  experiments  with  barium  citrate  dried  at  164**C.  are 
tabulated: 


Pentabromacetone  method . 


Carbon  monoxid  method. 


BAHIUM 

CITBATB 

Calculated 

Determined 

mom. 

mom. 

mgm. 

177.6 

94.4 

93.9 

191.6 

101.8 

101.5 

170.7 

90.8 

89.7 

131.3 

69.8 

70.4 

109.S 

58.4 

58.2 

The  results  obtained  with  the  material  isolated  from  urine  show  a 
rather  good  agreement  between  the  amounts  calculated  and  those 
found,  taking  into  consideration  that  the  pentabromacetone  method 
may  give  values  a  little  low  and  the  carbon  monoxid  method  values  a 
little  high.  It  is  questionable  whether  the  result  of  the  second  deter- 
mination, not  so  good  as  that  of  the  first,  is  owing  to  errors  of  method 
entirely.  Our  substance  was  not  quite  pure,  and  while  pure  barium 
citrate  does  not  change  when  water  of  crystallization  is  driven  off,  an 
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impurity  in  our  material  may  have  undergone  some  change;  which 
might  account  for  the  discrepancy  in  the  results. 

Our  material  was  sufiiciently  free  from  organic  impurities  that  on 
heating  with  concentrated  sulfuric  acid  the  color  remained  pale  yellow, 
as  in  control  experiments  vnth  citric  acid  or  citrates.  With  material 
less  pure  the  fluid  becomes  dark  or  even  black.^ 

The  results  were  obtained  with  material  from  one  accumulation  of 
urine;  not  enough  material  was  obtained  from  other  accumulations 
for  similar  analyses,  because  efforts  at  purification  resulted  in  loss. 

Only  a  few  efforts  were  made  to  isolate  our  substance  in  the  form  of 
a  calcium  salt.  It  was  very  difficult  to  obtain  any  crystalline  precipi- 
tates and  if  such  occurred  they  were  insignificant  in  amoimt.  The 
difficulties  here  are  as  great  as  those  encountered  in  efforts  to  isolate 
lactic  acid  from  urine  as  a  zinc  salt.  When  calcium  carbonate  was 
added  in  place  of  barium  acetate  and  the  carbon  dioxid  was  removed 
by  heat,  the  neutral  filtrate  became  acid  and  a  small  amount  of  a  heavy 
crystaUine  precipitate  separated  rather  early  in  the  evaporation.  'This 
precipitate  gave  pentabromacetone  and  a  positive  Denigfes'  reaction. 
In  one  instance  about  90  mgm.  of  this  precipitate  was  obtained.* 

With  a  small  amount  of  good  material  the  reaction  of  Sabanin-Las- 
kowsky  was  carried  out.  The  barium  was  carefully  removed  with 
sulfuric  acid;  a  slight  excess  of  ammonia  was  added  to  the  filtrate  which 
was  evaporated.  The  dry  residue  was  taken  up  in  strong  anmionia. 
The  solution  was  placed  in  a  sealed  tube  and  heated  to  134®C.  for  six 
hours  as  recommended  by  Scheibe  (15).  After  cooling  the  solution 
was  taken  from  the  tube  and  left  standing  in  the  air,  whereupon  a  blue 
color  developed.  The  reaction  was  positive.  Henkel  says  that  this 
reaction  is  given  by  citric  and  aconitic  acids  but  the  latter  does  not 
yield  pentabromacetone  under  the  conditions  of  our  experiments. 

^  The  impurities  included  in  such  specimens  may  also  give  rise  to  carbon 
monoxid,  and  account  for  the  discrepancy  between  results  of  the  two  methods. 
For  instance,  a  specimen  dried  at  164*'C.  weighing  141.5  mgm.  gave  pentabro- 
macetone corresponding  to  54  mgm.  citric  acid  or  101.7  mgm.  of  dry  barium  citrate. 
The  carbon  monoxid  method  indicated  87  mgm.  citric  acid  in  159.2  mgm.  of  this 
specimen,  while  the  calculation,  from  the  pentabromacetone  determination  gave 
60.8  mgm.  of  citric  acid.  The  mixture  became  black  when  some  of  the  substance 
was  heated  with  sulfuric  acid. 

'  The  fact  that  this  precipitate  formed  at  acid  reaction  made  us  think  of 
dicalcium  citrate  as  obtained  by  Henkel  (8)  from  milk,  but  the  specimen  dried 
at  100**C.  gave  27.2  per  cent  calcium  oxid  on  burning;  dicalcium  citrate  yields 
24.4  per  cent,  and  tricalcium  citrate  32.55  per  cent. 
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Several  substances  such  as  aconitiC)  itaconic  and  citraconic  acids 
yield  a  positive  Denigfes'  reaction,  although  they  do  not  behave  exactly 
as  citric  acid  does  in  the  course  of  the  reaction.  It  is  not  certain  that 
precipitates  from  these  acids  contain  acetonedicarboxylic  acid,  particu- 
larly, since  they  do  not  yield  pentabromacetone.  Nevertheless, 
precipitates  obtained  from  our  substance  by  the  method  of  Denig^, 
treated  with  hydrogen  sulfid,  and  extracted  with  ether,  on  evaporation 
of  the  ether  left  a  dry  residue  which  in  water  solution  gave  a  purple 
color  ,with  ferric  chlorid  and  a  positive  Legal  reaction  for  acetone. 
The  ferric  chlorid  reaction  could  not  be  obtained  if  the  watery  solution 
had  been  boiled  first;  by  boiling,  acetonedicarboxylic  acid  is  de- 
composed to  carbon  dioxid  and  acetone.  Some  efforts  were  made  to 
isolate  pure  acetonedicarboxylic  acid  from  such  precipitates.  Denig&3 
reported  that  it  is  possible  to  obtain  pure  acetonedicarboxylic  acid 
from  citric  acid  by  way  of  the  mercury  compound.  The  proof  of  the 
purity  of  this  acetonedicarboxylic  acid  rested  on  its  mercury  content.* 
A  mercury  compoimd  made  with  acetonedicarboxylic  acid  prepared  by 
the  method  of  Pechmann  contained  the  same  amount  of  mercury. 
The  formula  as  signed  by  Denigfts  to  the  mercury  compoimd  of  acetone- 
dicarboxylic acid  is: 


Hg-O 
/  \ 

SO4  Hg      2 

Hg— O 


f  cacoo 
,coo' 


io    \ 


It  is  very  doubtful  whether  the  mercury  compound  of  acetonedicar- 
boxylic acid  is  of  uniform  composition.  Salant  and  Wise  (14)  found  it 
necessary  to  construct  a  table  based  on  analytical  results  which  gives 
the  weight  of  the  mercury  compound  obtained  from  different  amounts 
of  sodium  citrate  under  definite  conditions.  With  the  aid  of  this  table 
and  within  its  limits,  quantitative  determinations  of  citric  acid  in 
aqueous  solutions  could  be  made.  On  repeating  the  experiment  of 
Denigfes  we  were  able  to  obtain  crystalline  residues  from  the  ether 
extract  which  gave  the  reactions  described  by  Denigfes,  but  the  melt- 
ing point  of  these  residues  varied  from  about  117  to  125°C.  and  were 
associated  with  decomposition.    Denigds  did  not  give  the  melting 

•  These  precipitates  when  dissolved  in  dilute  hydrochloric  acid,  and  shaken 
with  ether  give  up  to  the  ether  a  mercury  compound.  This  property  may  per- 
haps be  used  for  purification. 
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point  of  acetonedicarboxylic  acid  prepared  by  him,  and  Pechmann 
(13)  gives  for  the  ptu-e  acid  a  melting  point  of  136®C.  with  decomposition.^ 

The  mercury  compound  obtained  from  our  substance  gave  precipi- 
tates the  consistency  and  color  of  which  varied  from  yellow  and  waxy 
to  white  and  crystalline.  Some  of  the  crystalline  precipitates  contained 
white  needles,  and  the  melting  point  varied  from  117  to  120**C.  with 
decomposition.  There  was  a  great  similarity  between  the  properties 
of  the  ether  residues  obtained,  from  our  substance  and  those  obtained 
from  citric  acid.  , 

The  work  of  Amberg  and  McCliffe  (2)  was  imdertaken  in  order  to 
study  the  fate  of  citric  acid  introduced  into  the  organism  under  various 
conditions.  It  was  expected  that  some  informa^on  would  be  gained 
concerning  oxidative  processes  and  their  disturbances  in  the  organism, 
but  it  was  not  expected  that  information  concerning  the  oxidative  power 
of  organisms  in  general  would  be  obtained.  Dakin  (4)  very  justly 
QSkys,  ''The  specific  character  of  animal  oxidations  is  most  remarkable 
especially  when  phenomena  such  as  those  presented  by  diabetes  and 
alcaptonuria  are  concerned.  In  these  conditions  oxidation  of  a  readily 
oxidizable  product  of  metabolism  (glucose,  homogentisic  acid)  may  be 
completely  restrained  without  impairing  in  the  least  the  capacity  of 
the  body  for  effecting  the  oxidation  of  other  substances."  Batelli 
and  Stem  (3)  working  with  animal  tissues  have  shown  that  the  oxidation 
of  various  organic  acids  proceeds  imder  various  conditions.  Dakin's  very 
interesting  review  of  physiologic  oxidations  (6)  makes  the  conclusion 
nearly  unavoidable  that  the  organism  can  bring  about  oxidations  by 
various  mechanisms.  The  excretion  of  readily  oxidizable  substances 
is  of  great  significance  in  the  light  of  such  considerations,  whether  these 
are  introduced  from  without  or  formed  in  the  organism  as  an  interme- 
diary product  of  metabolism. .  The  total  amount  excreted  is  of  import- 
ance but  of  no  less  importance  are  the  variations  in  the  excretion  of  the 
individual  acids.  It  may  be  suggested  that  a  search  for  alcohols  and 
aldehydes  should  be  productive  of  results  in  certain  conditions. 

When  salts  of  the  lower  aliphatic  acids  are  present  in  sufficient  con- 
centrations they  may  exercise  an  influence  on  numerous  biologic  reac- 
tions. Among  these  are  chemotaxis  (Wolf ,  17),  phagocytosis  (McJunkin, 
12),  and  enzyme  action  (Amberg  and  Loevenhart,  1).  Jobling,  Egg- 
stein  and  Petersen  (19)  showed  that  citrates  particularly  have  an 
accelerating  influence  on  tissue  and  serum  esterase. 

*  Crude  acetonedicarboxylic  acid  is  readily  prepared  by  the  method  of  Pech- 
mann, by  the  modification  by  Koessler  and  Hankel  (10),  or  by  the  method  of 
Denig^s,  but  the  purification  is  rather- difficult. 
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In  such  reactions  the  individual  acid  exercises  a  more  or  less  specific 
function: 

In  summarizing  it  may  be  said  that  the  substance  isolated  from 
urine  in  the  form  of  an  impure  barium  compound  had  the  following 
properties  in  common  with  citric  acid. 

1.  It  gave  the  pentabromacetone  and  the  typical  Denigfes  reactions. 

2.  It  yielded  pentabromacetone  and  carbon  monoxid  in  amounts 
closely  equivalent. 

3.  It  did  not  char  on  heating  with  concentrated  sulfuric  acid. 

4.  It  gave  the  Sabanin-Laskowsky  reaction. 

6.  Precipitates  obtained  according  to  Denigds'  method  behaved 
very  similarly  to  precipitates  from  citric  acid.  From  these  precipitates 
a  dry  ether  residue  could  be  obtained,  the  aqueous  solution  of  which 
gave  the  characteristic  color  reaction  for  acetonedicarboxylic  acid 
with  ferric  chlorid. 

The  results  support  our  contention  that  citric  acid  occurs  in  the  urine 
of  normal  human  beii^,  but  still,  they  do  not  convey  absolute  proof, 
which  rests  solely  on  the  isolation  of  the  acid  or  its  salts  in  a  form  pure 
enough  for  identification. 
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The  mystery  regarding  the  significance  of  meat  in  the  dietary  is  yet 
to  be  clarified.  In  the  following  experiments  there  were  four  diflferent 
periods  of  one  week  in  length.  During  the  first  week  the  usual  normal 
diet  was  taken  by  each  individual.  During  the  second  week  a  luncheon 
containing  300  grams  of  beef  was  served,  with  bread,  butter  and  boiled 
potatoes,  in  the  laboratory.  This  quantity  of  meat  is  the  amount  which 
was  contained  in  the  daily  war  ration  of  the  French  and  Italian  soldier. 
During  the  third  week  little  or  no  meat  was  taken,  and  during  the 
fourth  week  the  same  procedure  was  followed  as  in  the  second  week. 
The  four  individuals  engaged  in  this  work  analyzed  their  urines  daily 
for  nitrogen;  all  wore  pedometers  for  measuring  the  number  of  their 
daily  movements.  They  also  were  instructed  to  walk  a  given  distance 
both  morning  and  late  afternoon  on  their  vay  to  and  from  the  college, 
striving  to  accomplish  the  walk  in  the  shortest  time  possible.  On 
completing  the  walk  the  pulse  was  counted  and  then  the  time  noted 
until  the  pulse  rate  became  normal  once  more.  This  has  been  suggested 
by  the  work  of  Lewis,  Cotton  and  Rapport  (1)  as  a  test  of  physical 
fitness. 

The  subjects  were  an  instructor  in  the  laboratory  (R.),  aPhilippino 
(S.)  working  for  a  higher  degree,  a  man  (B.)  and  a  woman  (H.)  student. 
The  first  named  was  in  perfect  physical  condition  after  a  summer  in  the 
Maine  woods;  the  fourth  was  fond  of  long  walks  and  tennis  in  which  she 
indulged  during  the  experimental  periods.  The  other  two  subjects 
-were  in  good  general  health.  The  basal  metabolism  of  S.,  who  weighed 
40  kgm.,  was  41  calories  per  square  meter  of  surface,  the  normal  value. 

The  observations  may  be  thus  summarized : 
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TABLE  1 
Subject  B.f  weight  64  kgm. 


Average  niimber  of  steps 

per  day 

Urine  N  (average)  grams. 
Maximmn-minimum . . . 

Time  in  minutes  of  test 

walk 

Time  in  minutes  to  make 

1000  steps 

Pulse: 

Before  exercise 

End  of  exercise 

After  3  minutes 

After  5  minutes 


FISBT  WEEK 


Ordinary  diet 


14,253 
13.14 
14.08-11.31 


11.43 

8.51 

71  :o 
86.0 

72.0 


p.  m. 

12.4 

8.50 

71.0 
85.0 

75.0 


SBCOND  WBKX 


High  protein 


12,636 
17.44 
18.57-17.12 


12.7 

8.80 

73.0 
102.0 

86.0 


p.  tn. 

14.5 

9.70 

75.0 
101.0 

79.0 


THIRD  WEEK 


Low  protein 


14,840 

8.68 

11.37-7.53 


a.  m.      p.  m. 


14.0 

9.33 

73.0 

100.0 

87.0 

84.0 


17.0 

9.50 

74.0 
93.0 
80.0 
77.0 


FOUBTH  WEEK 


High  protein 


13,616 
18.34 
21.67-15.48 


a.  m.      p.  m. 


16.5 

9.45 

77.0 

107.0 

91.0 

88.0 


15.0 

9.38 

79.0 

102.0 

88.0 

84.0 


TABLE  2 

Subject  H.f  weight  58  kgm. 


riRBT  WEEK 

8BCOND  WEEK 

THIBD  WEEK 

FOUBTH  WEEK 

Ordinary  diet 

High  protein 

Low  protein 

High  protein 

Average  number  of  steps 
oer  dav 

21,520 

9.64 

10.43-8.80 

21,503 
14.72 
17.06-13.34 

19,691 

8.02 

8.78-6.86 

20,880 
16.91 
19.3^15.83 

Urine  N  (average)  grams. . 
Maximum-minimum 

Time  in  minutes  of  test 
walk 

0.  m. 

26.0 

7.0 

112.0 
78.0 

p.  m. 

27.0 

7.3 

107.0 
81.0 
74.0 

a.  m. 

26.0 

7.0 

120.0 
81.0 

p.m. 

27.0 

7.3 

105.0 
83.0 
81.0 

a.  m. 

26.0 

7.0 

121.0 
82.0 

p.  m. 

27.5 

7.4 

117.0 
82.0 
75.0 

a.  m. 

26.0 

7.0 

113.0 
81.0 

p.  m. 

27.5 

Time  in  minutes  to  make 
1000  steps 

7.4 

Pulse: 
liiUd  of  exercise 

114.0 

After  4  minutes 

78.0 

After  5  minutes 

75.0 
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TABLES 
Subject  R,f  weight,  68  kgm. 


FXB0T  WBBK 

SBOOND  WXKK 

THIRD  WXBK 

FOUBTH  WEEK 

Ordinary  diet 

High  protein 

Low  protein 

• 

Hich  protein 

Average  niunber  of  steps 
Der  dav 

14,980 

12.5 

14.9-10.1 

13,145 

18.9 

19.6-18.0 

16,415 

12.3 

14.3-10.1 

14,965 

18.9 

19.7-17.6 

f^*  ^••j ••• 

Urine  N  (average)  grams. . 
Maximum-minimum 

Time  in  minutes  of  test 
walk 

a.  m. 

20.9 

9.03 

70.0 
96.4 

1.17 

22.0 

9.14 

69.0 
96.0 

1.25 

a.  m. 

21.8 

9.04 

69.0 
91.0 

1.37 

p.m. 

19.1 

9.48 

72.0 
95.0 

1.82 

a.  m. 

21.9 

9.07 

70.0 
94.0 

1.55 

p.m. 

19.3 

Time  in  minutes  to  make 
1000  steps 

9.75 

Pulse: 
Start  of  exercise 

71.0 

Bnd  of  exercise 

101.0 

Time  in  minutes  of  re- 
turn to  normal 

2.05 

TABLE  4 


Subject  S.,  weight  40  kgm. 


Average  number  of  steps 

per  day 

Urine  N  (average)  grams 
Maximum-minimiun 

Time  in  minutes  of  test 

walk 

Time  in  minutes  to  make 

1000  steps 

Pulse: 

Before  exercise 

End  of  minute 

After  3  minutes 

After  5  minutes 


riBBT  WEEK 


Ordinary  diet 


13,902 

12.36 

14.07-9.34 


28.2 

9.24 

85.0 

111.0 

97.0 

90.0 


p.  m. 

28.5 

9.34 

85.0 

113.0 

97.0 

95.0 


SECOND  WEEK 


High  protein 


14,552 

15.78 

18.65-13.44 


28.0 

9.17 

84.0 

114.0 

94.0 

87.0 


p.  m. 

28.5 

9.34 

85.0 

110.0 

98.0 

90.0 


TBIBD  WEEK 


Low  protein 


15,695 

7.89 

8.99-7.31 


27.3 

8.99 

80.0 

120.0 

85.0 


p.m. 

27.8 

9.18 

81.0 

112.0 

88.0 

80.0 


rOUBTH  WEEK 


Hich  protein 


14,808 

15.77 

16.88-13.15 


a.  m.       p.  m 


27.4 

9.04 

80.0 

121.0 

79.0 


27.5 

9.13 

81.0 

119.0 

88.0 

80.0 


Digitized  by 


Google 


.    INFLUENCE  OF  MEAT  ON  PHYSICAL  EFFICIENCY  677 

SUMMAHY 

The  results  show  that  the  presence  or  absence  of  meat  from  the 
dietary,  during  periods  as  long  as  one  week,  has  no  demonstrable  efifect 
upon  the  capacity  of  doing  an  amoimt  of  work  so  graded  as  to  reach  the 
limit  of  the  physical  capacity  during  a  short  period  of  time.  This 
accords  with  the  doctrine  of  Chittenden  (2).  There  was  a  distinct  and 
uniformly  present  sense  of  sleepiness  for  2  or  3  hours  during  the  after- 
noon period  following  the  ingestion  of  300  grains  of  meat.  Removal  of 
meat  from  the  dietary  for  a  period  of  one  week  did  not  diminish  the 
sense  of  well-being  in  the  individuals  investigated.  The  well-nigh 
universal  opinion  that  meat  ingestion  is  important  for  the  maintenance 
of  physical  strength  is  not  to  be  disregarded,  but  the  experimental 
evidence  in  favor  of  this  conception  has  yet  to  be  produced. 
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In  1906  Edkins  (1)  discovered  that  0.4  per  cent  HCl  extracts  of  pyloric 
mucous  membrane  when  injected  intravenously  caused  a  secretion  of 
gastric  juice.  This  observation  with  certain  qualifications  has  been 
confirmed  by  every  investigator  who  has  repeated  the  procedure  and  is 
without  question  a  fact.  With  the  exception  of  the  cardiac  mucous 
membranes,  Edkins  believed  this  to  be  an  action  specific  for  the  pyloric 
mucous  membrane  and  he  termed  the  active  substance  of  the  extract 
**  gastric  secretin."  Gross  (2)  in  the  same  year  offered  evidence  that 
led  him  to  believe  that  the  mucosa  of  the  pyloric  portion  of  the  stomach 
elaborated  a  "gastric  hormone"  when  food  substances  were  brought 
into  contact  with  it.  Popielski  (3)  in  a  series  of  papers  (1909-1913) 
questioned  the  specificity  of  pyloric  mucosa  extract,  stating  that  the 
stimulating  action  was  due  to  the  more  fluid  nature  of  the  blood  and  to 
vasodilatation  and  could  be  obtained  from  tissue  extracts  in  general. 
Ehrmann  (4)  reported  that  acid  extracts  of  pyloric,  f undic  and  duodenal 
mucosa  caused  a  flow  of  gastric  juice  when  injected  subcutaneously. 
Einsmann  (5)  reported  stimulation  of  gastric  secretion  to  follow  the 
injection  of  extracts  of  pyloric  mucosa,  duodenal  mucosa,  liver  jejimum, 
ileum  and  pancreas.  Tomaszewski  (6)  found  a  gastric  secretogogue  to 
be  present  in  the  pyloric  and  fundic  mucosa.  Keeton  and  Koch  (7) 
found  gastrin  to  be  distributed  throughout  the  gastric  mucosa,  in  the 
duodenum,  the  esophagus  and  brain.  Luckhardt,  Keeton  and  Koch  (8) 
found  secretogogue  action  in  extracts  of  the  duodenum,  liver,  pancreas, 
thyroid  and  Armour's  scale  pepsin.  Rogers,  Fawcett  et  al  (9)  reported 
marked  secretogogue  action  in  extracts  of  thyroid,  liver,  parathyroids, 
spleen,  pancreas,  thymus  and  pineal  gland.  Luckhardt,  Keeton  and 
Koch  (8),  however,  found  the  extracts  of  the  spleen,  thjonus,  muscle, 
gastric  juice  and  fibrin  to  be  inactive.  Ivy  and  Oyama  (16)  found  that 
gastric  mucus  did  not  contain  a  secretogogue.    Luckhardt,  Keeton  and 

*  Preliminary  report:  Proc.  Amer.  Physiol.  Soc,  Chicago,  1920. 
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Koch  (10)  also  found  that  histamine  when  injected  subcutaneously 
will  stimulate  gastric  secretion  and  which  in  many  respects  is  very  simi- 
lar to  the  stimulation  produced  by  gastrin. 

So  the  bulk  of  the  evidence  at  hand  shows  that  the  gastric  secretogogue 
in  the  extract  of  pyloric  mucosa  is  not  specific  for  the  pyloric  and  car- 
diac mucous  membranes  but  has  a  wide  distribution,  being  present  "in 
relatively  high  concentrations,"  according  to  Koch,  Luckhardt  and 
Keeton  (10)  "in  the  same  organs  in  which  ammonia  is  generally  most 
prominent  immediately  after  death." 

With  the  exception  of  the  work  of  Gross  (2)  in  1906  and  of  Edkins  and 
Tweedy  (11)  in  1909,  all  of  the  investigations  of  this  problem  have  been 
of  a  pharmacological  nature,  i.e.,  extracts  have  been  prepared  and  in- 
jected parenterally  and  their  effects  on  gastric  secretion  noted. 

It  is  generally  recognized  that  as  a  rule  it  is  not  correct  to  assume  that 
pharmacological  action  denotes  physiological  significance.  Because  an 
extract  of  the  pyloric  mucous  membrane  when  injected  parenterally 
stimulates  gastric  secretion,  it  does  not  follow  that  the  active  principle 
of  the  extract  is  physiologically  important  or  significant. 

In  accordance  with  this  principle  Edkins  and  Tweedy  (11)  devised  a 
method  which  enabled  them  to  fimctionally  separate  the  pyloric  from 
the  fundic  end  of  the  stomach  and  reported  that  when  "diJBferent  sub- 
stances (HCl,  dextrin,  dextrose,  meat  extracts,  peptone  solution)  were 
placed  in  the  pyloric  region  of  the  stomach  or  in  the  duodenum  in  all 
cases  the  fimdus  responded  by  marked  secretion."  These  investigators 
divided  the  stomach  into  two  chambers  by  means  of  a  partition  which 
consisted  of  a  rubber  balloon,  shaped  like  a  pulley  wheel,  which  was 
inserted  through  the  pyloric  orifice  from  the  duodenum.  The  balloon 
when  in  position  in  the  stomach  was  inflated  and  tied  in  place  by  passing 
a  ligature  about  the  stomach  outside  the  muscle  wall  but  beneath  the 
blood  vessels,  jUst  opposite  the  groove  in  the  pulley-shaped  balloon, 
thus  dividing  the  stomach  into  two  water-tight  compartments.  Thirty 
cubic  centimeters  of  normal  saline  solution  at  37°C.  were  then  inti'oduced 
into  the  fundic  chamber,  after  it  had  been  washed  out,  and  the  different 
substances  were  then  introduced  into  the  pyloric  chamber  at  a  pressure 
of  10  cm.  water  pressure.  This  was  allowed  to  remain  for  1  to  2  hours 
when  the  30  cc.  of  normal  saline  solution  were  removed  from  the  fundic 
compartment  and  titrated  for  degree  of  acidity.  They  report  acid 
values  varying  from  0.0058  per  cent  to  0.16  per  cent.  Cats  were  used. 
At  no  place  in  their  paper  do  they  state  that  controls  were  made,  that  is, 
experiments  in  which  normal  saline  solution  was  placed  in  the  fundic 
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compartment  and  nothing  in  the  pyloric  compartment  and  1  to  2  houis 
later  titrating  the  normal  saline  solution  for  acidity.  In  other  words, 
they  failed  to  take  into  consideration  the  possibility  of  a  continuous 
secretion  of  gastric  juice.  The  only  reason  that  we  are  able  to  assign 
for  omitting  controls  is  a  statement  Edkins  makes  in  a  previous  article 
(1)  to  the  effect  that  he  was  "able  to  show  that  normal  saline  solution 
introduced  into  the  stomach  would  remain  for  a  prolonged  period  (1  to  2 
hours)  unabsorbed  and  without  change  in  reaction."  This  statement 
was  based  on  some  work  he  did  in  1892  on  cats  under  chloroform  anesthe- 
sia and  a  h3rpodermic  injection  of  ^  grain  of  morphine  and  ^\  grain  of 
atropine.  And  even  when  the  cats  were  under  this  atropinized  condi- 
tion his  protocols  report  that  two  out  of  five  cats  experimented  upon 
(cats  XI  and  XII)  showed  an  acid  reaction  of  the  normal  saline  solution 
that  had  remained  in  their  stomachs  from  1  to  2  hours.  The  two  cats 
in  which  the  acid  reaction  occurred  had  food  in  their  stomachs  previous 
to  washing  it  out,  which  is  a  factor  of  importance,  as  will  be  pointed  out 
in  our  experimental  work.  Further,  Edkins  states  (1)  that  ^'atropine 
does  not  diminish  the  reaction  of  an  animal  to  this  excitant"  (gastric 
secretin)  which  has  been  shown  to  be  wrong  by  Keeton,  Luckhardt  and 
Koch  (12)  in  Pavlov  pouch  dogs  and  by  Maydell  (17),  and  these  latter 
results  have  been  confirmed  in  the  course  of  our  work.  Hence  this 
phase  of  the  work  of  Edkins  can  hardly  be  considered  conclusive. 

Sokolov  (13),  working  in  Pavlov's  laboratory  on  animals  with  a 
Pavlov  pouch,  an  "obstructed"  stomach,  a  duodenal  and  gastric  fistula 
with  a  rubber  tube  connecting  the  two  fistulae  reported  that  food  sub- 
stances when  injected  into  the  duodenum  of  such  an  animal  would  not 
exert  any  influence  on  the  gastric  glands,  but  when  injected  into  the 
"obstructed"  stomach  and  retained  there,  secretion  of  the  Pavlov 
pouch  would  occur.  These  results  were  interpreted  as  demonstrating 
that  the  secretion  was  excited  by  reflex  effect  from  the  gastric  mucous 
membrane  and  that  the  chemical  secretion  of  gastric  juice  is  caused  by 
an  effect  proceeding  mainly  from  the  inner  surface  of  the  stomach  and 
not  from  the  intestine  (18). 

Gross  (2)  also  working  in  Pavlov's  laboratory  on  an  animal  prepara- 
tion similar  to  that  of  Sokolov,  with  the  exception  that  the  obstruction 
was  made  at  the  junction  of  the  fundic  mucosa  and  pyloric  mucosa, 
obtained  results  that  partially  contradicted  the  findings  of  Sokolov  and 
drew  conclusions  from  his  results  that  supported  the  "gastrin  theory" 
of  Edkins.  The  results  of  Gross  show  when  meat  extract  is  injected 
into  the  fundic  portion  of  the  stomach  and  retained  there,  no  stimulation 
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of  secretion  results  in  the  Pavlov  pouch,  but  when  the  meat  extract  is 
injected  into  the  duodenum  through  the  duodenal  fistula  that  a  stimu- 
lation of  the  gastric  glands  results.  Gross  explains  this  contradiction  of 
SokoloVs  findings  by  assuming  that  the  meat  extract  he  (Gross)  in- 
jected into  the  duodenum  flows  back  into  the  pyloric  antrum  and  there 
produces  its  effect.  This  assumption  we  do  not  believe  to  be  plausible 
because  in  our  experience  the  pyloric  antrum  readily  and  rapidly  expels 
its  contents,  as  we  shall  point  out  later  in  our  experimental  work.  A 
second  assumption  is  also  necessary  and  that  is  that  the  elaboration  of 
"gastrin"  actually  does  occur  when  meat  extract  is  in  contact  with  the 
pyloric  mucosa,  which  has  not  yet  been  proved. 


Fig.  1.  a,  abdominal  wall;  6,  Pavlov  pouch;  c,  gastro-duodenostomy;  d,  pyloric 
pouch. 

Experimental:  In  the  course  of  studies  on  the  physiology  of  the 
pyloric  secretion,  animals  with  two  gastric  pouches  (14),  one  a  Pavlov 
pouch  and  the  other  a  pouch  of  the  entire  pyloric  antrum,  were  prepared 
(see  fig.  1)  so  that  the  secretions  from  the  fundic  and  pyloric  mucous 
membranes  could  be  collected  simultaneously.  It  occurred  to  us  that 
such  an  animal  might  be  used  to  demonstrate  the  reality  of  the  ''gastrin 
theory,"  in  which  we  were  firm  believers,  because  it  was  possible  to 
apply  substances  to  the  pyloric  mucosa  in  healthy  or  physiological 
animals  and  to  observe  changes  in  the  secretion  of  the  Pavlov  pouch. 

Method:  Our  method  consisted  in  collecting  two  to  three  hours  of 
continuous  secretion  (24  hours  after  the  last  meal)  from  the  Pavlov 
pouch  and  then  in  applying  the  various  substances  for  a  period  of  2 
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hours  to  the  mucosa  of  the  pyloric  pouch  and  at  the  same  time  continu- 
ing the  collection  of  secretion  from  the  Pavlov  pouch..  Application  of 
the  substances  was  made  by  injecting  the  substances  into  the  pouch 
and  then  plugging  the  orifice  with  cotton,  this  being  repeated  every 
3  to  5  minutes.  In  order  to  insure  continuous  contact,  as  the  pouch 
would  contract  and  expel  its  contents,  another  device  was  made  which 
alleviated  this  trouble. 


SOCJC*. 


Sym^C 


Cork 


Fig.  2 

The  device  consists  of  a  glass  bottle,  a  cork  and  a  glass  tube  arranged 
as  in  figure  2.  The  solution  to  be  applied  is  put  into  a  50  cc.  syringe 
and  injected  slowly  through  tube  A,  so  that  all  the  air  will  be  displaced 
from  the  bottle  and  the  pouch  through  tube  B,  until  the  solution  stands 
in  tube  B  above  the  level  of  the  pouch.  The  level  of  the  solution  in  tube 
B  and  in  the  syringe  varies  with  each  respiration  and  is  raised  markedly 
with  each  contraction  of  the  pouch.  When  the  musculature  of  the 
pouch  relaxes  again  the  displaced  fluid  passes  back  into  the  pouch. 

Four  out  of  six  dogs  subjected  to  our  operation  lived  in  good  health 
for  1  month  or  longer.    The  first  dog  operated  only  lived  16  days  and 
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only  a  few  tests  were  made  on  him.  The  second  dog  lived  3  weeks, 
the  third  dog  2  months,  the  fourth  dog  5  weeks,  the  fifth  dog  4  months 
and  the  sixth  dog  7  months.  Dog  VI  died  1  month  after  making  a 
duodenal  fistula.  All  of  the  dogs  died  of  a  similar  trouble,  the  cause  of 
which  we  have  no  definite  explanation,  the  chief  S3rmptoms  being  loss 
of  weight  and  anorexia,  beginning  10  to  15  days  prior  to  death — ^all 
dogs  dying  of  intercurrent  pneumonia.  Anemia,  associated  with  bleed- 
ing of  the  gums,  was  present  in  all  of  the  anunals  prior  to  death.  At 
autopsy  no  lesions  were  found  other  than  broncho-pneumonia,  which 
was  assigned  as  the  immediate  cause  of  death. 

Results:  All  of  the  dogs  at  the  time  the  various  substances  were  ap- 
plied to  the  pyloric  mucosa  reacted  normally  to  a  standard  meal  of 
meat  and  to  a  deep  injection  of  gastrin.  In  dog  I  only  three  tests  were 
made.  In  all  the  other  dogs  many  tests  were  performed  using  tV  HCl, 
gastric  juice,  gastrin,  fresh  meat  extract  and  Liebig's  meat  extract. 
Dextrose  and  peptone  solutions  were  used  twice  in  one  animal  with 
negative  results. 

The  results  were  negative  for  all  of  the  substances  used,  table  1  dem- 
onstrating the  absence  of  response  when  fresh  meat  extract  was  applied 
to  the  mucosa  of  the  pyloric  pouch  and  the  routine  of  procedure  fol- 
lowed in  all  of  oiu"  experiments.  Further  tables  of  results  are  omitted 
because  of  their  negative  nature.  We  desire  to  emphasize  that  after 
the  application  of  the  substance  under  test  to  the  mucosa  of  the  pyloric 
pouch  the  animal  was  given  or  injected  with  gastrin  in  order  to  demon- 
strate that  the  gastric  secretory  mechanism  of  the  animal  at  the  time  of 
application  was  normal.  We  also  desire  to  call  attention  to  the  neces- 
sity of  following  the  continuous  secretion  of  the  Pavlov  pouch  before 
and  after  a  certain  procedure  in  order  to  determine  whether  or  not  the 
procedure  caused  stimulation. 

Repetition  of  Edkins  and  Twbedy's  experiments.  Having  failed 
to  demonstrate  the  reality  of  the  ^'gastrin  theory"  with  our  "two  gastric 
pouch"  preparation,  we  sought  an  explanation.  We  were  convinced 
that  Edkins  and  Tweedy  (11)  did  not  adequately  control  their  experi- 
ments as  has  been  pointed  out  in  the  first  part  of  our  paper.  The  work 
of  these  investigators  was  then  repeated. 

Method:  We  at  first  attempted  to  use  the  technique  devised  by  Edkins 
and  Tweedy,  but  in  inserting  the  balloon  more  trauma  was  produced 
than  we  thought  would  be  good  for  the  results  of  the  experiment.  7  So 
we  used  a  more  simple  technique — one  that  is  frequently  used — which 
consisted  in  tjdng  a  ligature  about  the  cardiac  orifice,  the  pyloric  sphinc- 


Digitized  by 


Google 


584 


A.   C.   IVY   AND  J.   E.   WHITLOW 


ter  and  a  third  one  at  the  transition  between  fundic  and  pyloric  mucous 
membrane.  The  ligatures  were  passed  beneath  the  blood  vessels.  Our 
only  variation  from  the  technique  of  the  above  investigators  then  was 
to  dispense  with  the  use  of  the  balloon.  All  solutions  were  warmed  to 
37°C.  before  using  and  the  stomach  was  washed  out  before  the  intro- 
duction of  the  normal  saline  solution.  Light  ether  anesthesia  was  used. 
Results:  The  results  (table  2)  demonstrate  that  there  is  an  increased 
acidity  of  the  normal  saline  solution  that  is  put  in  the  fundic  chamber 
within  the  same  limits  as  occurs  when  15  cc.  of  meat  juice  or  Liebig's 


TABLE  1 
Fresh  meat  extract  solution  applied  to  mucosa  o^ 

f  pyloric  pouch  *dog  III 

PBOCEDUBB 

TIME 

PAVLOV 
POUCH 
BBCRB- 

TION 

TOTAL 
ACIDITY 

FBBB 

ACIDETT 

BEMARK8 

Continuous  secretion 

o'clock 

10-11 
11-12 
12-1 

1-2 

2-3 
3^ 

4r5 

5-6 
6-7 

CC. 

1.0 
1.7 
2.0 

2.2 

2.1 
2.0 

4.1 

10.0 
5.0 

ptrcent 

0.2188 
0.30g8 
0.3098 

0.2553 

0.1459 
0.1641 

0.2918 

0.3737 
0.4193 

percent 

0.0912 
0.2553 
0.2553 

0.2188 

0.1094 
0.0730 

0.1842 

0.2918 
0.3463 

Continuous  secretion 

Continuous  secretion 

Fresh    meat    extract    solution 
applied  to  pyloric  pouch 

Application  continued 

Extract  of  1  pound 
of  lean  beefsteak 

Continuous  secretion 

Test  meal 
First  hour 

}  pound  of  lean  beef 
and  200  cc.  water 

Second  hour 

Third  hour 

*  The  fresh  meat  extract  was  made  by  boiling  1  pound  of  ground  lean  beefsteak 
for  5  minutes  in  200  cc.  of  water  and  then  expressing  the  juice.  The  mixture  was 
raised  to  the  boiling  point  slowly  in  from  20  to  30  minutes. 

meat  extract  are  put  in  the  pyloric  chamber.  The  slight  increase  in 
acidity  that  occurs  in  both  cases  we  believe  to  be  due  to  the  continuous 
secretion  of  the  stomach.  It  is  to  be  recalled  that  the  highest  acidity 
reported  by  Edkins  and  Tweedy  is  0.16  per  cent  which  we  believe  to 
be  within  the  normal,  even  though  our  highest  per  cent  of  acidity  is 
0.13  per  cent.  The  results  on  the  dog  are  the  same  as  those  on  the  cat 
with  the  interesting  difference  that  the  secretory  mechanism  in  the  cat 
is  more  resistant  to  ether  anesthesia  and  the  experimental  procedure 
than  in  the  dog. 
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Absorption  from  the  mucosa  of  the  pyloric  pouch.  The  ques- 
tion of  absorption  from  the  mucosa  of  the  pyloric  pouch  must  be  con- 
sidered as  it  is  possible  that  absorption  may  not  occur  at  as  fast  a  rate 


TABLE  2 


PBOCEOVBB 


Six  dogs:  Control,  50  cc.  N.S.S.  placed 
in  fundio  chamber , 


Six  dogs:  50  cc.  N.S.S.  placed  in  fundic 
chamber  and  15  cc.  of  meat  extract  * 
in  pyloric  chamber 


Eight    cats:  Controls    30    cc. 
placed  in  fundio  chamber. . . . 


N.S.S. 


Six  cats:  30  cc.  N.S.S.  placed  in  fundic 
chamber  and  10-15  cc.  of  meat  extract  < 
in  pyloric  chamber 


ANIMAL 
NUMBBR 


11* 

12 

13 

14 
15 
16 

1* 

2 

3 

4* 

5 

6 

7 

8 

11 

12 

13 

14* 

15* 

16* 


TOTAL  ACIDITT 

or  N.  B.  B. 

TAXBN  PBOM 

TBB  STOMACH 


ptreent 

0.018 
0.036 
0.062 
0.027 
0.054 
0.036 

0.073 
0.054 
0.018 
0.027 
0.045 
0  036 

0.091 
0.018 
0.063 
0.136 
0.054 
0.062 
0.136 
0.045 

0.027 
0.054 
0.136 
0.127 
0.127 
0.091 


AVEBAOB 
TOTAL  ACIDITT 

or  N.  B.  B. 

TAXBN  rSOM 

•TOMACB 


p»emU 


0.046 


0.042 


0.072 


0.070 


*  The  stomach  was  full  of  food.    In  all  cases  the  stomach  was  washed  out 
with  from  300  to  500  cc.  of  N.S.S.  at  37*C. 

as  it  does  in  the  pyloric  mucosa  when  it  is  in  its  normal  anatomical 
position.  It  is  possible  that  the.  procedure  of  making  the  pouch  might 
have  in  some  way  altered  absorption  from  the  mucosa  of  the  pouch. 
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This  question  cannot  be  answered  directly  for  any  of  the  solutions 
used  in  our  experiments,  because  with  present  methods  it  is  prac- 
tically impossible  to  prove  without  question  whether  or  not  absorp- 
tion of  the  substances  applied  occurred,  with  the  possible  exception  of 
dextroseand  acid.  We  have  attempted  to  answer  the  question  indirectly 
by  comparing  the  rates  of  absorption  of  strychnine  sulphate,  pilocarpine 
hydrochloride  and  potassium  iodide  from  the  mucosa  of  the  pyloric 
pouch  and  from  the  mucosa  of  the  pyloric  antrum  in  situ. 

Results:  Solutions  of  strychnine  sulphate  (3  per  cent),  pilocarpine 
hydrochloride  (100  per  cent)  and  potassiiun  iodide  (100  per  cent)  were 
used.  They  were  applied  to  the  mucosa  of  the  pouch  in  the  usual 
manner.  In  the  case  of  the  strychnine,  the  time  of  occiurence  of 
increased  reflexes  and  of  spasms  was  observed.  In  the  case  of  pilocar- 
pine hydrochloride,  the  time  of  salivation  was  noted.  When  potassium 
iodide  was  applied,  the  time  of  its  appearance  in  the  saliva  and  gastric 
juice  was  noted,*  the  starch  test  being  used.  The  solutions  were  applied 
to  the  mucosa  of  the  pyloric  antrum  in  its  normal  position  by  anesthe- 
tizing the  dog,  ligating  off  the  pyloric  antrum  with  two  ligatures,  which 
were  placed  beneath  the  blood  vessels,  and  by  injecting  the  solution 
into  the  lumen  of  the  pyloric  antrum  by  means  of  a  S3rringe,  after  which 
the  abdomen  was  closed.  Care  must  be  exercised  to  have  the  needle 
of  the  syringe  clean  and  not  to  spill  any  of  the  solution  on  the  serosa  of 
the  stomach.  In  the  case  of  strychnine  (10  cc.  of  a  3  per  cent  solution) 
the  ether  was  discontinued  and  the  time  of  occurrence  of  increased  re- 
flexes and  of  spasm  was  observed.  In  the  case  of  pilocarpine  (1  cc.  of 
a  100  per  cent  solution,  Wharton's  duct  was  cannulated  and  the  time 
of  the  beginning  of  salivation  noted.  In  the  case  of  potassium  iodide 
(5  cc.  of  a  100  per  cent),  Wharton's  duct  was  cannulated  and  the  chorda- 
tympani  nerve  stimulated  every  10  minutes  and  the  time  of  the 
appearance  of  potassium  iodide  in  the  saliva  was  noted. 

When  strychnine  is  applied  to  the  pouch,  the  reflexes  are  definitely 
increased  in  from  15  to  20  minutes  and  spasms  appeared  in  from  20  to  25 
minutes.  When  st3rrchnine  is  injected  into  the  pyloric  antrum  in  situ, 
increased  reflexes  occur  in  from  20  to  35  minutes  and  spasms  appear 
in  from  35  to  45  minutes.  Pilocarpine  when  applied  to  the  mucosa  of 
the  pyloric  pouch,  causes  salivation  in  from  3  to  5  minutes  and  vomiting 
and  defecation  in  from  5  to  7  minutes;  when  injected  into  the  pyloric 
antnmi  in  situ,  it  causes  salivation  in  from  10  to  15  minutes.  Potas- 
sium iodide,  when  applied  to  the  mucosa  of  the  pyloric  pouch,  makes 

«  "Two  gastric  pouch"  dogs  used. 
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its  appearance  in  the  gastric  juice  ip  from  15  to  30  minutes  and  in  the 
saliva,  provided  the  dog's  salivation  is  stimulated  by  pilocarpine  injec- 
tion, in  from  IJ  to  3  hours.  When  potassium  iodide  is  injected  into 
the  pyloric  antrum  in  situ,  it  appears  in  the  saliva  in  from  1  to  2  hours 
and  in  the  "fundic"  secretion  in  from  15  to  30  minutes. 

These  data  demonstrate  that  the  rate  of  absorption  of  the  mucosa 
of  the  pyloric  pouch  has  not  been  altered  by  the  operative  procedure 
and  that  the  absorption  of  potassium  iodide  and  of  strychnine  from  the 
pyloric  mucosa  is  comparatively  slow. 

SUMMARY 

We  made  the  "two  gastric  pouch"  preparation  in  the  hope  of  demon- 
strating the  "gastrin  theory.'*  This  theory  maintains  that  food  sub- 
stances in  contact  with  the  mucosa  of  the  pyloric  antrum  cause  the  for- 
mation of  a  hormone,  gastrin,  which  is  absorbed  into  the  blood  stream 
and  carried  to  the  glands  of  the  "fimdic"  mucosa  and  stimulates  them. 
Our  results  do  not  support  the  gastrin  theory.  We  failed  to  obtain  an 
increase  in  the  secretion  of  the  Pavlov  pouch  when  various  substances, 
including  food  extracts,  were  applied  to  the  mucosa  of  the  pyloric 
pouch,  which  should  have  occurred  according  to  the  "gastrin  theory." 

Not  being  able  to  find  fault  with  our  preparation — the  animals  having 
been  proven  to  be  physiological  in  every  respect — ^and  experiments, 
we  repeated  the  work  of  Edkins  and  Tweedy  and  have  demonstrated 
that  they  did  not  adequately  control  their  experiments.  This  deficiency 
of  proper  controls  has  also  been  pointed  out  by  other  investigators  -(3), 
(4),  (5),  (6),  (7),  (8),  (9)  and  confirmed  by  us  with  reference  especially 
to  the  claims  of  the  "specificity  of  gastrin." 
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